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THE  PHYSICAL  AND  CHEMICAL  PROPERTIES 

OF  PETROLEUM  ASPHALTS  OF  THE 

50-60  AND  85-1 00  PENETRATION 

GRADES' 

BY  THE  DIVISION  OF  TESTS,  PUBLIC  ROADS  ADMINISTRATION 

Reported  by  R.  H.  LEWIS,  Chemist,  and  J.  Y.  WELBORN,  Junior  Highway  Engineer 


FOR  MANY  YEARS  semisolid  asphalts  used  in  the 
construction  of  the  higher  type  bituminous  pave- 
ments were  produced  from  relatively  few  base 
petroleums  by  refining  processes  that  were  practically 
standard.  More  recently  new  sources  of  crude  petro- 
leums have  been  used  and  various  refining  methods, 
some  of  which  were  designed  primarily  to  increase  the 
yield  of  distillates,  have  been  developed.  Standard 
specifications  that  were  thought  to  control  adequately 
the  quality  and  serviceability  of  these  earlier  asphaltic 
cements  have  been  subjected  to  considerable  question- 
ing since  the  advent  of  these  materials  produced  from 
different  base  petroleums  and  with  newer  refining 
processes.  As  a  result,  there  have  been  changes  in 
specification  requirements  by  the  resurrection  of  old 
tests,  or  the  development  of  new  tests,  in  an  effort  to 
obtain  more  satisfactory  and  more  durable  materials. 

In  the  United  States  there  have  been  three  major 
specifications  for  asphalt  cements  around  which  the 
various  State  highway  departments  have  developed 
their  test  requirements  for  this  type  of  bituminous 
material.     These  are  as  follows: 

1.  Federal  Specifications.  These  are  specifications 
that  have  been  adopted  by  the  Federal  Specifications 
Executive  Committee  for  use  by  the  various  agencies 
of  the  Federal  Government. 

2.  A.  S.  T.  M.  Specifications.  These  are  specifica- 
tions that  were  adopted  as  tentative  some  years  ago  by 
the  American  Society  for  Testing  Materials  but  have 
recently  been  withdrawn. 

3.  A.  A.S.  H.O.  Specifications.  These  are  specifi- 
cations that  have  been  adopted  by  the  American  Asso- 
ciation of  State  Highway  Officials. 

REQUIREMENTS  OF  VARIOUS  SPECIFICATIONS  COMPARED 

The  specifications  for  the  various  grades  of  asphalt 
cement  in  general  use  in  road  construction,  as  proposed 
or  adopted  by  the  above  agencies,  are  given  in  table  1. 
This  table  includes  requirements  for  the  physical  and 
chemical  properties  of  the  40-50,  50-60,  00-70,  85-100, 
100-120,  and  120-150  penetration  grades,  together  with 
their  designations  and  the  use  for  which  they  are  in- 
tended. In  addition  to  the  above  grades,  the  Ameri- 
can Society  for  Testing  Materials  has  had  tentative  spe- 
cifications for  25-30  and  30-40  penetration  asphalts, 
but  these  specifications  have  been  omitted  from  table  1 
since  they  are  seldom  used  in  road  construction.  The 
specification  for  the  30-40  penetration  grade  adopted 
by  the  American  Association  of  State  Highway  Offi- 
cials has  likewise  been  omitted  and  for  the  same  reason. 

As  shown  by  the  last  number  in  the  grade  designa- 
tion, the  Federal  specification  was  initially  adopted  in 
1925,  and,  after  a  change  in  the  form  but  not  in  test 

1  Paper  presented  at  the  meeting  of  the  Association  of  Asphalt  Paving  Teohnolo- 
ists,  Chicago,  111.,  January  30-31,  1940. 
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requirements,  was  approved  for  promulgation  in  1931. 
The  A.  S.  T.  M.  specifications  for  40-50,  50-60,  and 
60-70  penetration  grades  were  first  issued  as  tentative 
specifications  in  1921  and  were  revised  in  1922,  1923,  and 
1926.  Specifications  for  the  85-100  and  100-120 
grades  were  issued  as  tentative  in  1921  and  revised  in 
1922,  1923,  and  1924,  while  that  for  the  120-150  grade 
was  issued  in  1922  and  revised  in  1923.  The  designa- 
tions, as  given  in  table  1,  show  the  date  ot  final  revision 
for  each  grade  followed  by  the  letter  T,  to  indicate  a 
tentative  standard.  The  term  "tentative,"  as  stated 
by  the  A.  S.  T.  M.,  applies  to  a  proposed  standard 
published  for  1  or  more  years  with  a  view  of  eliciting 
criticism  before  it  is  formally  adopted  as  standard  by 
the  Society.  It  is  significant  to  note  that  some  of 
these  A.  S.  T.  M.  specifications  remained  as  tentative 
standards  for  16  years  after  their  last  revision. 

Because  of  inability  to  obtain  the  adoption  of  these 
tentative  specifications,  they  were  withdrawn  as  tenta- 
tive at  the  1939  meeting 'of  the  A.  S.  T.  M.  The 
society  at  the  present  time  has,  therefore,  no  specifica- 
tions for  asphalt  cements  for  use  in  road  construction. 
A.  A.  S.  H.  O.  specification  M-20  was  adopted  in  1924 
and  revised  in  1926.  It  is  the  policy  of  this  association 
to  adopt  where  possible  the  existing  standards  of  the 
A.  S.  T.  M.  and  the  provisions  of  M-20  vary  but  slightly 
from  those  of  the  tentative  standards  of  the  A.  S.  T.  M. 

The  specifications  from  these  three  sources  contain 
general  requirements  that  apply  to  the  various  grades 
as  a  whole.  The  Federal  specification  requires  that 
the  asphalts  shall  be  prepared  by  the  distillation  of 
asphaltic  petroleums.  The  A.  A.  S.  H.  O.  specification 
states  that  the  asphalts  shall  be  prepared  from  petroleum 
while  the  A.  S.  T.  M.  specifications  simply  declare  that 
the  asphalt  cement  shall  meet  certain  test  require- 
ments. All  specifications  require  that  the  asphalt 
shall  be  homogeneous  and  free  from  water,  and  the 
Federal  and  A.  A.  S.  H.  O.  specifications  contain  a 
requirement  that  the  asphalt  shall  not  foam  when  heated 
to  175°  C.  (347°  F); 

The  Federal  specification  stipulates  that  only  those 
asphalts  that  have  been  demonstrated  by  service  tests 
as  satisfactory  for  the  intended  use  will  be  accepted. 
This  specification  also  regulates  the  uniformity  of  sup- 
ply of  the  asphalt  for  any  given  contract  by  controlling 
the  specific  gravity  and  softening  point  within  certain 
limits.  The  A.  A.  S.  H.  O.  specification  states  that 
the  exact  penetration  grade  to  be  used  depends  on  the 
type  of  road,  climatic  conditions,  and  the  kind  and 
nature  of  the  traffic;  while  the  Federal  and  A.  S.  T.  M. 
specifications  recommend  certain  types  of  construction 
for  each  particular  grade.  The  Federal  specification 
also  indicates  the  climatic  conditions  and  amount  of 
traffic  for  which  each  penetration  grade  is  especially 
suited. 
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Table  1. — Summary  of  specifications  for  petroleum  asphalt  cements  used  in  road  construction 


Specification 


Federal 

A.  S.  T.  M-. 
A.  A.  S.  H.  0 

Federal. 

A.S.  T.  M— 
A.  A.  S.  H.  O 

Federal. 

A.  S.  T.  M... 
A.  A.  S.  H.  0 

Federal 

A.  S.  T.  M... 
A.  A.  S.  H.  O 
Federal. 

A.  S.  T.  M... 
A.  A.S.  H.  O 

Federal.. 

A.  S.T.  M... 
A.  A.  S.  H.  0 


Designation 


AP-1-25" 

120-150 

D135-23T2.... 
M-20< 

120-150 
120-150 

AP-2-25  i 

100-120 

D103-24T2.... 
M-20» 

100-120 
100-120 

AP-3-25' 

85-100 

D102-24T2-.-- 
M-20« 

85-100 
85-100 

AP-5-25  ' 

60-70 

D101-26T2.... 

60-70 

M-20«... 

60-70 

AP-6-25  i 

50-60 

D100-26T2.... 
M-20< 

50-60 
50-60 

AP-7-25' 

40-50 

D99-26T  2 
M-20< 

40-50 
40-50 

Pene- 
tration 
grade 


Intended  use 


Bituminous  macadam,  northern  United 

States,  comparatively  light  traffic. 
Asphalt  macadam- _. 

Depends  on  type  of  road,  climate,  and 
traffic. 

Bituminous  macadam,  middle  United 
States  or  northern  United  States, 
comparatively  heavy  traffic. 

Asphalt  macadam 

Depends  on  type  of  road,  climate,  and 
traffic. 

Bituminous  macadam,  southern  United 
States. 

Asphalt  macadam 

Depends  on  type  of  road,  climate,  and 
traffic. 

Graded  bituminous  concrete,  northern 
United  States,  light  or  moderate 
traffic. 

Sheet  asphalt,  asphaltic  concrete,  as- 
phalt macadam. 

Depends  on  type  of  road,  climate,  and 
traffic. 

Graded  bituminous  concrete,  southern 
United  States  or  northern  United 
States,  heavy  traffic.  Sheet  asphalt, 
northern  United  States,  light  or  mod- 
erate traffic. 

Sheet  asphalt,  asphaltic  concrete 

Depends  on  type  of  road,  climate,  and 
traffic. 

Sheet  asphalt,  southern  United  States 
or  northern  United  States,  heavy  traffic. 

Sheet  asphalt,  asphaltic  concrete... 

Depends  on  type  of  road,  climate,  and 
traffic. 


Physical  and  chemical  properties 


Specific 
gravity 

at 
77°/77° 

F. 


1.000+ 


1. 000+ 


1.000+ 


1.010  + 


1.010+ 


nun ! 


Flash 
point 


"F. 
347+ 

347+ 
347+ 

347+ 

347+ 
347+ 

347+ 

347+ 
347+ 

347+ 

347+ 
347+ 
347+ 


347+ 
347+ 

347+ 

347+ 
347+ 


Pene- 
tration 
100  gm. 

5  sec. 
at 

77°  F. 


120-150 

120-150 
120-150 

100-120 

100-120 
100-120 

85-100 

85-100 
85-100 

60-70 

60-70 
60-70 
50-60 


50-60 
50-60 


40-50 


40-50 
40-50 


Soften- 
ing 
point 


°F. 
95-131 


95-131 


104-140 


104-140 


104-140 


113-149 


Ductil- 
ity 
5  cm. 
per 
min- 
ute, at 
77°  F. 


Cm. 


30+ 
30+ 


30+ 
30+ 


30+ 
30+ 

40+ 


30+ 
30+ 
40+ 


30+ 
30+ 

40+ 

30+ 
30+ 


Loss  at 
325°  F., 
5  hours 


Percent 
1.0- 

2.0- 
1.0- 

1.0- 

2.0- 
1.0- 

1.0- 

2.0- 
1.0- 

1.0- 

2.0- 
1.0- 
1.0- 


2.0- 
1.0- 


1.0- 


2.0- 
1.0- 


Pene- 
tration 

of 
residue 

as  a 
percent- 
age of 
origi- 
nal 


Percent 
60.0+ 

60.0+ 
60.0+ 

60.0+ 


60.0+ 
60.0+ 

60.0+ 

60.0+ 
60.0+ 

60.0+ 


60.0+ 
60.0+ 
60.0+ 


60. 0+ 
60.0+ 

60.0+ 

60.0+ 
60.0+ 


CSj  solubility 


Bitu- 
men 
sol- 
uble 


Percent 
99.5+ 

(3) 
99.5+ 

99.5+ 


(3) 
99.5+ 

99.5+ 

(3) 
99.5+ 

99.5+ 


(3) 

99.5+ 
99.5+ 


(3) 
99.5+ 

99.5+ 

<3) 
99.5+ 


Organic 
matter 

in- 
soluble 


Percent 


Bitu- 
men 

sol- 
uble 

in 
CC1. 


Percent 


99.0+ 
99.0+ 

.2- 

99.0+ 
99.0+ 

.2- 

99.0+ 
99.0+ 

.2- 

99.0+ 

99.0+ 

.2- 

99.0+ 
99.0+ 

.2- 

99.0+ 
99.0+ 

1  Special  requirements: 

C-l.  The  materials  supplied  under  this  specification  shall  be  asphalts  prepared  by  the  distillation  of  asphaltic  petroleum. 

C-2.  Those  materials  only,  which  have  been  demonstrated  by  service  tests  as  satisfactory  for  the  intended  use,  will  be  acceptable  under  this  specification. 
D-l.  The  asphalt  shall  be  homogeneous,  free  from  water,  and  shall  not  foam  when  heated  to  175°  C.  (347°  F.). 

E-2.  Uniformity.    The  material  furnished  under  this  specification  for  a  given  contract,  type,  and  grade  shall  be  uniform  in  character  and  shall  not  vary  more  than 
10°  C.  (18°  F.)  in  softening  point  from  the  test  limits  specified,  nor  more  than  0.02  in  specific  gravity. 

2  The  asphalt  shall  be  homogeneous  and  free  from  water. 

3  When  less  than  99.0  percent  of  the  asphalt  cement  is  soluble  in  carbon  tetrachloride,  the  percentage  of  bitumen  (soluble  in  carbon  disulfide)  shall  be  reported. 

«  Specification  M-20  was  adopted  in  1924,  revised  in  1926.    The  asphalt  shall  be  prepared  from  petroleum.    The  asphalt  shall  be  homogeneous,  free  from  water,  and  shall 
not  foam  when  heated  to  175°  C.  (347°  F.). 


ASPHALTS  TESTED  REPRESENTATIVE  OF  THOSE  IN  GENERAL  USE 

As  shown  in  table  1,  the  physical  and  chemical 
requirements  of  the  A.  S.  T.  M.  and  A.  A.  S.  H.  O. 
specifications  are  the  same  except  for  the  maximum 
limit  of  loss  at  325°  F.  and  the  determination  of  bitumen 
soluble  in  carbon  disulphide.  In  contrast  to  the  A.  S. 
T.  M.  and  A.  A.  S.  H.  O.  specifications,  the  Federal 
specification  contains  additional  requirements  for  spe- 
cific gravity,  softening  point,  and  organic  matter  insol- 
uble in  carbon  disulphide,  but  it  does  not  require  that 
the  solubility  in  carbon  tetrachloride  be  determined. 
In  the  Federal  specification  the  limits  for  the  flash 
point  and  the  consistency  of  the  residue  from  the  oven- 
loss  test  are  the  same  as  the  A.  S.  T.  M.  and  A.  A.  S.  H.  O. 
specifications,  and  the  requirements  for  the  percentage 
of  loss  at  325°  F.  and  the  percentage  of  bitumen  soluble,  in 
carbon  disulphide  are  the  same  as  the  A.  A.  S.  H.  O. 
specification.  The  Federal  specification  does  not 
require  a  ductility  test  on  those  asphalt  cements  softer 
than  the  60-70  penetration  grade;  and  for  the  other 
grades,  the  ductility  must  be  more  than  40  centimeters 
as  compared  to  the  minimum  requirement  of  30  centi- 
meters for  the  A.  S.  T.  M.  and  A.  A.  S.  H.  O. 
specifications. 

In  order  to  determine  how  the  asphalts  being  pro- 
duced today  would  meet  these  major  standard  specifi- 


cations, as  well  as  other  test  requirements  that  have 
been  used  by  other  agencies  for  the  control  of  this  type 
of  bituminous  material,  the  Public  Roads  Administra- 
tion requested  the  leading  producers  in  the  United 
States  to  submit  samples  of  their  materials  correspond- 
ing to  the  various  grades  of  the  Federal  specifications. 
In  response  to  this  request  30  producers  submitted  42 
sets  of  petroleum  asphalt  cements,  of  which  all  except 
one  represented  two  or  more  of  the  penetration  grades 
covered  by  the  Federal  specification.  Several  produc- 
ers furnished  two  or  more  sets  of  asphalts  differing  as  to 
the  source  of  the  base  petroleum  or  in  the  method  of 
refining.  In  all,  245  samples  of  petroleum  asphalt  were 
received,  distributed  among  the  various  penetration 
grades  as  indie ited  in  table  2. 

Obviously  it  would  take  considerable  time  to  make  a 
detailed  study  of  all  the  samples  submitted.  There- 
fore, as  the  asphalt  cements  of  50-60  and  85-100  pene- 
tration are  used  more  generally  than  the  other  grades, 
and,  as  shown  in  table  2,  most  of  the  producers  sub- 
mitted these  two  grades,  it  was  decided  to  confine  this 
study  more  particularly  to  the  asphalts  of  these  grades. 
Twenty-seven  producers  furnished  39  samples  of  50-60 
asphalt  and  28  producers  furnished  40  samples  of  85-100 
penetration  asphalt.  There  were  two  sets  of  asphalt 
samples  that  did  not  have  material  of  either  the  50-60 
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or  85-100  penetration  grade.  One  of  these  was  an 
asphalt  from  a  southern  California  field  containing  a 
base  petroleum  not  duplicated  by  any  product  received, 
and  the  other,  an  asphalt  from  an  Oklahoma  field  which 
was  duplicated  in  this  investigation  by  materials  of  a 
similar  type.  The  producer  of  the  California  asphalt 
submitted  samples  representing  only  the  40-50,  60-70, 
and  100-120  grades  and  the  other  producer  did  not 
manufacture  asphalt  cements  harder  than  the  150-180 
penetration  grade. 

Table  2. — Classification  of  samples  received  from  various 
producers 


Federal  specification  designation 

Penetra- 
tion grade 

Total  num- 
ber of 
samples 

Producers 
represented 

180-200 

150-180 

120-150 

100-120 

85-100 

70-80 

60-70 

50-60 

40-50 

30-40 

20-30 

1 

2 
30 
33 
40 

4 
33 
39 
34 
28 

1 

1 

2 

AP-1-25 

24 

AP-2-25 

AP-3-25 

22 
28 
3 

AP-5-25 

AP-6-25. 

25 
27 
25 
20 

1 

The  source  of  the  base  petroleum  and  the  method  of 
refining  the  50-60  and  85-100  penetration  asphalt  ce- 
ments studied  in  this  investigation,  together  with  their 
laboratory  identification  and  producer  identification 
numbers,  are  shown  in  table  3.  The  samples  of  the 
50-60  and  85-100  penetration  asphalt  of  each  set  were 
produced  from  the  same  base  petroleum  and  by  the 
same  method  of  refining,  and  they  were  given  the  same 
identification  number.  Throughout  this  report,  these 
numbers,  together  with  the  designated  penetration 
grade,  will  be  used  as  the  identification  of  the  various 
asphalt  cements. 


The  producers'  identification  numbers  with  the  added 
letters  A,  B,  or  C  indicate  that  the  same  producer 
submitted  more  than  one  set  of  asphalt  cements  which 
differ  either  as  to  the  source  of  the  base  petroleum, 
the  location  of  the  refinery,  or  the  method  of  refining. 
Producer  6  submitted  samples  6,  12,  and  17,  represent- 
ing asphalt  cements  refined  from  Colombian,  Mexican, 
and  Venezuelan  petroleums,  and  these  have  been  given 
the  producers'  identification  numbers  6A,  6B,  and  6C, 
respectively.  Producer  7  submitted  asphalts  refined 
from  Mexican  and  Venezuelan  petroleums,  while 
producers  13  and  24  each  submitted  two  asphalts  pre- 
pared from  the  same  base  petroleum  by  different  refin- 
ing processes.  Although  table  3  does  not  indicate  any 
difference  in  the  base  petroleum  or  refining  of  samples 
24,  25,  and  26  submitted  by  producer  19,  and  samples 
27  and  28  submitted  by  producer  20,  the  test  results 
indicate  differences  that  may  be  due  to  variations  in 
processing.  Samples  35  and  36  submitted  by  producer 
25  were  from  different  refineries.  Samples  37  and  38 
submitted  by  producer  26  were  from  the  same  base 
petroleum,  but  were  prepared  at  different  refineries. 

ASPHALTS    MET    REQUIREMENTS    OF    A.  A.  S.  H.  O.    AND    A.  S.  T.  M. 
SPECIFICATIONS 

For  all  asphalts,  except  where  noted,  information  as 
to  the  source  of  the  base  petroleum  was  furnished  by 
the  producers  submitting  the  samples.  The  source  of 
the  base  petroleum  used  in  samples  27  and  28  was 
determined  from  a  consideration  of  the  producer  and 
interpretation  of  the  test  data.  The  producer  of  sam- 
ples 35  and  36  is  known  to  refine  crude  petroleum  from 
several  sources ;  and  whether  these  samples  are  products 
from  one  petroleum  or  blends  cannot  be  ascertained 
readily  from  the  test  data  only. 

The  principal  petroleum  fields  that  furnish  the  crudes 
for  the  production  of  asphalt  cements  used  in  the  United 


Table  3. — Source  and  method  of  refining  asphalt  cements 


Identifi- 

Producer 

cation 

identifi- 

No. 

cation 

1 

1 

2 

2 

3 

3 

4 

4 

5 

5 

6 

6-A 

7 

7-A 

8 

8 

9 

9 

10 

10 

11 

11 

12 

6-B 

13 

12 

14 

13-A 

15 

13-B 

16 

7-B 

17 

6-C 

18 

14 

19 

15 

20 

16-A 

21 

16-B 

22 

17 

23 

18 

24 

19-A 

25 

19-B 

26 

19-C 

27 

20-A 

28 

20-B 

29 

21 

30 

22 

31 

23 

32 

24-A 

33 

24-B 

34 

25-A 

35 

25-B 

36 

25-C 

37 

26-A 

38 

26-B 

39 

27 

40 

28 

Source  of  base  petroleum 


California,  Coalinga  field 

California,  San  Joaquin  Valley  field. 

do 

...do _ 

California,  Elk  Hills  field 

Colombia 

Mexico,  Ebano  field 

Mexico 

Mexico,  Panuco  field 

...do 

.—do. 

Mexico _ 

Venezuela 

Venezuela,  Mene  Grande  field 

do __. 

Venezuela 

.—do 

do. 

Arkansas,  Smackover  field _ 

.—do— 

.  —  do. 

Arkansas,  Nevada  County 

Oklahoma,  Cement  and  Walters  field 

Oklahoma... 

—  .do 

.—do. 

.... do.' 

—  .do _ 

Oklahoma,  Healdton  and  Graham 

Kentucky  and  Illinois 

Mexican-duo-sol-residuum  from  Oklahoma  crude- 
Kansas _ _ 

do 

Wyoming.. 

Unknown _ 

do. _ 

Mexico  and  Domestic  Gulf  Coast 

do - 

Texas,  Westbrook  field 

Kentucky 


Method  of  refining 


Vacuum  distillation. 

Reduction  and  steam  distillation. 

Do. 
Steam  distillation  in  continuous  tube  still. 
Vacuum  distillation. 
Vacuum  distillation  with  pipe  still. 
Straight  steam  distillation. 

Steam  distillation  in  Trumble  (pipe)  still. 

Vacuum  distillation  in  pipe  still. 

Do. 
Fire  and  steam  distillation. 

Continuous  distillation  under  sub-atmospheric  pressure  with  steam. 
Distilled  in  batch  stills  at  atmospheric  pressure  with  steam. 
Straight  steam  distillation. 
Vacuum  distillation  in  pipe  still. 
Steam  distillation. 

Vacuum  distillation  at  a  low  temperature. 
Vacuum  distillation,  89  m.  p.  flux. 
Vacuum  distillation,  101  m.  p.  flux. 
Pipe  still  distillation  unit  and  vacuum  bubble  tower. 

Vacuum  distillation  in  pipe  still,  partially  oxidized. 
Do. 
Do. 


Fire  and  steam  distillation,  possibly  blown. 

Steam  distillation  and  air  conversion  in  batch  shell  stills. 

Straight  run,  steam  refined,  vacuum  process. 

Produced  from  Winkler-Koch  Shell  still. 

Fire  and  steam  distillation. 

Do. 

Do. 


Dubbs  cracking  process. 


1  Source  assumed  because  of  the  producer  and  from  the  interpretation  of  test  results. 
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States  are  listed  in  table  4.  As  shown  in  table  3,  all  of 
these  sources  are  represented  in  this  investigation  by 
one  or  more  asphalts,  with  the  exception  of  the  Lima, 
Ind.,  the  southern  California,  and  the  Trinidad  fields. 
Petroleums  from  the  Illinois  and  gulf-coastal  fields  are 
present  in  blends;  the  Illinois  petroleum  has  been  pro- 
cessed with  Kentucky  petroleum  and  gulf-coastal 
petroleum  with  Mexican. 

The  laboratory  study  of  these  selected  asphalt 
cements  included  tests  to  show  tbeir  conformity  to 
the  Federal,  A.  S.  T.  M.,  and  A.  A.  S.  H.  O.  specifica- 
tions. Other  tests  that  have  been  used,  or  are  now 
used  by  various  States  and  municipalities  as  specifica- 
tion requirements,  have  also  been  made.  Additional 
tests  which,  although  not  usually  made  as  control  tests 
for  asphalt  cements,  might  develop  information  of 
value  relative  to  their  physical  and  chemical  properties, 
were  also  made. 

Where  the  test  methods  employed  in  this  investiga- 
tion have  not  been  standardized,  the  essential  details 
will  be  described.  The  A.  S.  T.  M.  and  A.  A.  S.  H.  9. 
designations  of  the  usual  methods  of  test  are  given  in 
table  5. 


Table  4.- 


-Principal  petroleum  fields  supplying  asphalt  cements  to 
the  United  States  ' 


Country 

Name  of  field 

Area  included 

Type  of  oil 

Appalachian 

New  York,   Pennsylvania, 
West     Virginia,     eastern 
Ohio,  Kentucky,  Tennes- 
see. 

Michigan,  northwestern 

Nonasphaltie. 

Lima,  Ind . 

Do. 

Ohio,  Indiana. 

Illinois 

Southeastern  Illinois 

Semiasphaltic. 

Midcontinent 

Kansas;  Oklahoma;  north- 

\sphaltie. 
fSemiasphaltic. 

1  Nonasphaltie. 

ern,  western,  and  central 

United  States... 

Texas;    northern    Louisi- 
ana;  southern  Arkansas. 

Gulf-coastal 

Coast  of  Texas  and  Louisiana 

Asphaltic. 

Rocky  Mountain. 

Colorado,  Wyoming,  Mon- 

[       Do. 

tana,    Utah,    and     New 

<Semiasphaltic. 

Mexico. 

(Nonasphaltie. 

Northern  Califor- 

San Joaquin  Valley 

Asphaltic. 

nia. 
Southern  Califor- 

Los   Angeles    Basin    and 

Do. 

nia. 

coastal. 

Tampico-Tuxpan- 

Northern  Vera  Cruz  (includ- 

Do. 

Mexico 

ing     Panuco),     southern 
Tamaulipas. 

Tehuan  tepee 

From  southern  Vera  Cruz  to 
eastern  limit  of  Tabasco. 

Do. 

Venezuela 

Laqunillas,       La 

Along  eastern  shore  of  Lake 

Do. 

,   Rosa,      M  e  n  e 

Maracaibo. 

Grande. 

Colombia 

DeBarco 

Region  of  Barranca-Bermeja- 

Do. 

Trinidad 

Trinidad... 

Southern  portion  of  island. _ 

Do. 

1  Data  taken  from  Asphalts  and  Allied  Substances,  by  Abraham,  4th  edition. 
Table  5. —  Test  methods  used  in  the  asphalt  cement  investigations 


Test 


Specific  gravity 

Flash  point 

Penetration 

Softening  point 

Ductility 

Loss  on  heating 

Penetration  of  residue 

Say  bolt  Furol  viscosity 

Float  test 

Bitumen  soluble  in  CS| 

Bitumen  soluble  in  CC1» 

Fixed  carbon 

Sulphur 

Insoluble  in  86°  B.  naphtha 

Insoluble  in  ether 

Oliensis  test 

Film  test 

Toughness  test.. 


Method  of  test 


A.  S.  T.  M.  D  70-27. 
A.  S.  T.  M.  D  92-33. 
A.  S.  T.  M.  D  5-25. 
A.  S.  T.  M.  D  36-26. 
A.S.T.  M.  D  113-35. 
A.S.T.  M.  D6-33. 
A.  S.  T.  M.  D  5-25. 
A.  S.  T.  M.  D  88-36. 
A.  8.T.  M.  D  139-27. 
A.  S.T.  M.  D4-27. 
A.  S.T.  M.  D  165-27. 
A.S.  T.  M.  D  168-30. 
A.  S.  T.  M.  D  129-34. 
A.  A.  S.  H.  O.  T-46-35. 

Do. 
A.  A.  S.  H.  O.  T-102-38. 
Kansas  Highway  Commission. 
New  York  Department  of  Highways. 


The  results  of  the  physical  and  chemical  tests  that 
show  the  conformity  of  the  50-60  and  85-100  penetra- 


tion asphalts  to  the  Federal,  A.  S.  T.  M.,  and  A.  A.  - 
S.  H.  O.  specifications  are  given  in  tables  6  and  7. 
Excluding  the  slight  lack  of  compliance  in  the  pene- 
tration values,  the  results  that  fail  to  meet  the  govern- 
ing specification  requirement  have  been  indicated. 
Seven  of  the  asphalts  of  the  50-60  grade  and  six  of  the 
85-100  grade  did  not  meet  one  or  more  of  the  test 
requirements  of  the  Federal  specification.  One  of 
each  grade  did  not  meet  all  the  test  requirements  speci- 
fied by  the  A.  A.  S.  H.  O.  One  50-60  penetration 
asphalt  did  not  meet  the  requirements  of  the  tentative 
A.  S.  T.  M.  specifications.  In  all  other  particulars, 
these  materials  were  in  substantial  compliance  with 
the  specifications  of  these  agencies. 

Graphical  presentations  of  the  data  tabulated  in 
tables  6  and  7  are  shown  in  figures  1  and  2.  These 
figures  show  the  range  of  each  specification  requirement 
and  the  range  and  average  of  the  corresponding  test 
values.  For  convenience,  minimum,  maximum,  and 
a,verage  values  for  the  laboratory  tests  showing  con- 
formity to  the  requirements  of  the  Federal,  A.  S.  T.  M. 
and  A.  A.  S.  H.  O.  specifications  have  been  summarized 
in  table  8. 

Since  the  specific  gravity  of  an  asphalt  is  largely 
dependent  on  the  source  of  the  base  petroleum  used  in 
its  manufacture,  the  average  test  value,  because  of  the 
many  sources  represented,  is  of  little  significance.  The 
specific  gravities  of  the  asphalts  from  the  midcontinent 
fields  differ  widely;  but  the  materials  in  this  investiga- 
tion which  had  the  lowest  specific  gravities  were  from 
this  area.  Sample  30  prepared  from  Illinois  and  Ken- 
tucky petroleums  also  had  a  low  gravity.  The  specific 
gravity  of  the  Colombian  asphalt,  sample  6,  also  was 
low.  Following,  in  order  of  increasing  density  as  a 
group,  were  the  California,  Arkansas,  Venezuelan,  and 
Mexican  asphalts.  The  materials  from  Texas  and  Wyo- 
ming also  had  a  relatively  high  gravity.  Samples  23, 
33,  and  40  were  asphalts  produced  by  cracking  processes 
and  their  specific  gravities  were  also  high.  The  mini- 
mum requirement  for  specific  gravity  as  provided  for 
in  the  Federal  specification  would  prevent  the  accept- 
ance of  four  materials  of  both  the  50-60  and  85-100 
penetration  grades. 

The  flash  point  requirement  is  used  in  specifications 
to  enable  the  user  to  judge  the  fire  hazard  attached  to 
the  use  of  the  asphaltic  material  under  particular  con- 
ditions of  heating  and  applying.  For  the  grade  of 
asphalt  cements  under  investigation,  the  minimum  re- 
quirement is  approximately  100°  F.  below  the  lowest 
flash  point  of  any  50-60  or  85-100  penetration  material 
and  over  200°  F.  below  the  average  test  value  for  each 
grade.  The  factor  of  safety  is,  therefore,  well  above 
that  required  by  the  specifications. 

ONLY  TWO  SAMPLES  FAILED  TO  MEET  DUCTILITY  REQUIREMENTS 

While  a  few  samples  had  penetrations  slightly  higher 
or  lower  than  the  ranges  specified  for  the  two  grades, 
the  average  test  value  for  both  the  50-60  and  85-100 
penetration  asphalts  was  approximately  in  the  middle 
of  the  specified  limits.  It  is  believed  that  a  satisfactory 
comparison  of  the  other  test  characteristics  of  these 
asphalts  can  be  made  even  though  some  of  them  failed 
to  meet  absolutely  the  penetration  requirements  of  their 
particular  grade. 

The  limits  for  softening  point,  as  provided  by  the 
Federal  specification,  are  from  104°  F.  to  140°  F.,  or  a 
range  of  36°  for  both  the  50-60  and  85-100  grades. 
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Figure  1. — Specifications  and  Test  Data  for  the  50-60 
Penetration  Asphalts,  Showing  the  Range  of  Each 
Specification  Requirement  and  the  Range  and  Average 
for  Corresponding  Laboratory  Tests. 

The  softening  points  of  the  50-60  asphalts  varied  from 
118°  to  137°  F.,  a  range  of  19°;  and  the  85-100  asphalts 
varied  from  1110  to  123°  F.,  a  range  of  12°.  Eighteen 
85-100  penetration  asphalts  and  eight  50-60  penetra- 
tion asphalts  had  softening  points  ranging  from  118° 
to  123°  F.,  inclusive.  The  average  test  value  for  each 
grade  was  approximately  in  the  middle  of  the  test  range. 
While  the  softening  point  of  an  asphalt  is  dependent  on 
the  source  of  the  base  petroleum  and  the  processing, 
the  specification  limits  for  the  particular  grade  are  far 
wider  than  necessary  to  permit  the  asphalts  of  this  inves- 
tigation to  meet  the  Federal  specification  requirement. 
The  minimum  ductility  requirements  of  40  centi- 
meters for  the  Federal  specification  and  30  centimeters 
for  the  specifications  of  the  A.  S.  T.  M.  and  A.  A.  S.  H.  O. 
are  very  low  as  compared  to  the  values  obtained  on 
the  majority  of  asphalts  tested.  There  were  only  two 
materials,  samples  20  and  33  of  the  50-60  grade,  that 
failed  to  meet  the  requirement  of  the  Federal  specifica- 
tion.    Sample  33  also  did  not  meet  the  ductility  require- 
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Figure  2. — Specifications  and  Test  Data  for  the  85-100 
Penetration  Asphalts,  Showing  the  Range  of  Each 
Specification  Requirement  and  the  Range  and  Average 
for  Corresponding  Laboratory  Tests. 

ment  of  30  centimeters  of  the  other  two  specifications. 
Sample  3.1 ,  50-60  grade,  had  a  ductility  very  close  to  the 
minimum  requirement  of  the  Federal  specification. 
Including  these  three  samples,  there  were  only  eight 
samples  of  the  50-60  grade  and  none  of  the  85-100 
grade  that  did  not  have  a  ductility  greater  than  100 
centimeters. 

Although  the  ductility  machine  used  in  the  Public 
Roads  Administration  laboratory  can  measure  a  pull 
of  250  centimeters,  there  were  many  asphalts  that 
failed  to  break  in  this  distance;  and  these  results  have 
been  reported  as  250  centimeters  plus.  In  calculating 
the  average  test  values,  the  ductilities  of  250  centi- 
meters plus  were  taken  as  250  centimeters.  The 
average  test  values  for  the  50-60  and  85-100  penetra- 
tion asphalts  were  176  and  180  centimeters,  respectively, 
which  indicate  that  the  ductility  of  the  bulk  of  the 
asphalt  produced  is  far  greater  than  the  specifications 
require. 

Sample  40  was  the  only  asphalt  of  either  the  50-60 
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Table  6. — Results  of  laboratory  tests  on  60-60  penetration  asphalts,  showing  conformity  to  present  specifications 


Producer 
number 

Specific 
gravity 

at 
77°/77°  F. 

Flash 
point 

Penetra- 
tion at 
77°  F., 

100  gm., 
5  sec. 

Softening 
point 

Ductility 
at  77°  F., 
5  cm.  per 
minute 

Loss  on 
heating 
at  325° 
F.,  50 
gm.,  5 
hours 

Penetra- 
tion of 
residue 
compared 
to  pene- 
tration 
before 
heating 

CS2  solubility 

Identification  No. 

Bitumen 
soluble 

Organic 

matter 

insoluble 

Inorganic 

matter 

insoluble 

Bitumen 
soluble 
in  CCU 

1.010+ 

"F. 

347+ 
347+ 
347+ 

50-60 
50-60 
50-60 

°F. 

104-140 

Cm. 

40+ 
30+ 
30+ 

Percent 
1.0- 
2.0- 
1.0- 

Percent 

60.0+ 
60.0+ 
CO.  0+ 

Percent 
99.5+ 

Percent 
0.2- 

Percent 

Percent 

A.  S.  T.  M.  specification 

99.0+ 

99.5+ 

99.0+ 

1 __ 

1 

2 

3 

4 

5 

6-A 

7-A 

8 

9 
10 
11 

6-B 
12 

13-A 
13-B 

7-B 

6-C 
14 
15 

16-A 
16-B 
17 
18 

19- A 
19-B 
19-C 
20-A 
20-B 
22 
23 

24-A 
24-B 
25-A 
25-B 
25-C 
26-A 
26-B 
27 
28 

1.021 
1.013 
1.013 
1.016 
1.016 
1.011 
1.041 
1.043 
1.040 
1.047 
1.045 
1.041 
1.034 
1.0/5 
1.035 
1.033 
1.024 
1.030 
1.025 
1.017 
1.021 
1.017 
1.042 

'    .998 

i    .995 
1.017 

i  1.002 
1.021 

i  1.008 
1.027 
1.015 
1.037 
1.039 
1.014 
1.011 
1.020 
1.014 
1.040 
1.053 

540 
580 
580 
555 
585 
630 
535 
550 
545 
535 
540 
550 
535 
600 
545 
560 
600 
595 
680 
520 
635 
585 
550 

57 
61 
61 
60 
58 
52 
58 
56 
53 
56 
54 
55 
51 
52 
52 
48 
48 
51 
57 
58 
57 
57 
60 
54 
58 
53 
49 
58 
48 
59 
49 
46 
58 
57 
55 
52 
55 
47 
50 

119 
118 
118 
118 
120 
126 
132 
130 
132 
131 
132 
132 
132 
126 
126 
132 
128 
129 
125 
137 
130 
137 
120 
131 
127 
129 
131 
126 
131 
133 
128 
127 
128 
123 
125 
132 
132 
129 
123 

250+ 
250+ 
250+ 
250+ 
250+ 
250+ 
197 

68 
218 
215 
180 
250+ 
140 
250+ 
181 

57 
250+ 
250+ 
220 
1  36 
232 

96 
202 

84 
116 

78 
226 
244 
170 

41 
159 
'27 
112 
219 
190 
137 
120 
121 
250+ 

0.13 
.05 
.05 
.06 
.07 
.06 
.07 
.11 
.08 
.12 
.11 
.06 
.11 
+.01 
.02 
.03 
.02 
.05 
.00 
.12 
.02 
.04 
.10 
.04 
.07 
.09 
.03 
.12 
.03 
.08 
.05 
.04 
.05 
.06 
.07 
.06 
.08 
.05 
.48 

84 
82 
82 
83 
79 
88 
84 
82 
87 
80 
81 
84 
86 
88 
90 
85 
90 
90 
86 
91 
88 
84 
70 
89 
84 
83 
88 
78 
94 
86 
90 
87 
79 
91 
91 
85 
84 
94 
74 

99.88 
99.86 
99.87 
99.83 
99.86 
99.87 
99.93 
99.87 
99.89 
99.89 
99.87 
99.91 
99.92 
99.90 
99.75 
99. 85 
99.89 
99.92 
99.83 
99.84 
99.83 
99.81 
99.72 
99.61 
99.67 
99.69 
99. 83 
99.63 
99.79 
99.91 
99.69 
"  99.  37 
99.94 
99.53 
99.66 
99.83 
99.81 
99.72 
99.80 

0.03 
.06 
.05 
.06 
.05 
.05 
.04 
.08 
.06 
.08 
.06 
.04 
.08 
.09 
.14 
.08 
.08 
.06 
.04 
.08 
.07 
.06 
.08 
.18 
.10 
.15 
.06 

1.21 
.10 
.05 
.14 

1.48 
.04 
.04 
.05 
.08 
.12 
.14 
.10 

0.09 
.08 
.08 
.11 
.09 
.08 
.03 
.05 
.05 
.03 
.07 
.05 
.00 
.01 

.11 

.07 
.03 
.02 
.13 
.08 
.10 
.13 
.20 
.21 
.23 
.16 
.11 
.16 
.11 
04 
.17 
.15 
.02 
.43 
.29 
.09 
.07 
.14 
.10 

100. 00 

2 

99.96 

3 _- 

100. 00 

4 

99.96 

5. - 

99.98 

6. 

99.98 

7 

100. 00 

8 

99.98 

9 _ 

100. 00 

10 

100. 00 

11 

99.96 

12 

13 

100.00 
100.00 

14 

99.99 

15 

100. 00 

16 _. 

99.96 

17 

100. 00 

18 

100.00 

19 _ 

99.98 

20 _ 

100.00 

21 

99.97 

22 _. 

99.99 

23 

99. 94 

24 

99.97 

25 

645 
520 
635 
525 
620 
495 
675 
600 
5.55 
650 
655 
525 
520 
620 
440 

99.87 

26__ 

99.98 

27. 

99.92 

28 

99.97 

30.... 

100.00 

31 _ 

99.95 

32 

99.97 

33 

99.77 

34 

99.98 

35 

99.99 

36... 

100.00 

37 _ 

99.96 

38 

100. 00 

39 

99.99 

40 

99.78 

■  Material  fails  to  conform. 

Table  7. — Results  of  laboratory  tests  on  85-100  penetration  asphalts,  showing  conformity  to  present  specifications 


Producer 
number 

Specific 
gravity 

at 
77°/77°  F. 

Flash 
point 

Penetra- 
tion at 
77°  F.( 

100  gm., 
5  sec. 

Softening 
point 

Ductility 
at  77°  F., 
5  cm.  per 
minute 

Loss  on 
heating 
at  325° 
F.,  50 
gm.,  5 
hours 

Penetra- 
tion of 
residue 
compared 
to  pene- 
tration 
before 
heating 

CS2  solubility 

Identification  No. 

Bitumen 
soluble 

Organic 

matter 

insoluble 

Inorganic 

matter 
insoluble 

Bitumen 
soluble 
in  CCU 

Federal  specification 

1. 000+ 

"F. 

347+ 
347+ 
347+ 

85-100 
85-100 
85-100 

"F. 
104-140 

Cm. 

30+ 
30+ 

Percent 
1.0- 
2.0- 
1.0- 

Percent 
60.0+ 
60.0+ 
60.0+ 

Percent 
99.5+ 

Percent 
0.2- 

Percent 

Percent 

A.  S.  T.  M.  specification 

99.0+ 

A.  A.  S.  H.  O.  specification. 

99.5+ 

99.0+ 

1 

1 

2 

3 

4 

5 

6-A 

7-A 

8 

9 
10 
11 

6-B 
12 

13-A 
13-B 

7-B 

6-C 
14 
15 

16-A 
16-B 
17 
18 

19-A 
19-B 
19-C 
20-A 
20-B 
21 

1.019 
1.010 
1.010 
1.013 
1.016 
1.004 
1.039 
1.038 
1.038 
1.038 
1.038 
1.039 
1.025 
1.020 
1.029 
1.024 
1.018 
1.035 
1.021 
1.014 
1.020 
1.017 
1.030 
1  .995 
1.991 
1.005 
1.999 
1.011 
1.031 

530 
540 
645 

85 
96 
95 
92 
91 
92 
96 
96 
96 
95 
97 
97 
94 
95 
92 
94 
92 
85 
90 
90 
97 
96 
91 
94 
94 
84 
93 
92 
92 

113 
111 
112 
112 
113 
117 
120 
121 
121 
121 
119 
119 
117 
115 
115 
117 
118 
123 
116 
121 
115 
117 
112 
118 
118 
119 
116 
115 
113 

223 
193 
204 
227 
197 
185 
220 
102 
230 
192 
209 
242 
192 
192 
187 
107 
191 
196 
179 
139 
178 
211 
223 
162 
162 
172 
164 
184 
200 

0.16 
.07 
.07 
.08 
.08 
.05 
.10 
.21 
.13 
.19 
.12 
.13 
.05 
.01 
.04 
.03 
.04 
.17 
.02 
.15 
.05 
.03 
.04 
.04 
.08 
.08 
.02 
.06 
.10 

81 
82 
84 
82 
81 
79 
79 
69 
78 
74 
77 
76 
74 
77 
77 
77 
78 
76 
82 
88 
80 
82 
68 
79 
81 
77 
81 
79 
65 

99.85 
99.90 
99.89 
99.73 
99.81 
99.88 
99.94 
99.93 
99.86 
99.92 
99.91 
99.92 
99.84 
99.93 
99.77 
99.80 
99.82 
99.82 
99.80 
99.84 
99.74 
99.85 
99.69 
99.59 
99.64 
99.75 
99.75 
99.79 
99.53 

0.07 
.10 
.11 
.15 
.08 
.12 
.06 
.07 
.08 
.04 
.08 
.05 
.08 
.06 
.11 
.14 
.09 
.11 
.14 
.13 
.19 
.13 
.20 
.18 
.19 
.17 
.14 
.  15 

1.21 

0.08 
.00 
.00 
.12 
.11 
.00 
.00 
.00 
.06 
.04 
.01 
.03 
.08 
.01 
.12 
.06 
.09 
.07 
.06 
.03 
.07 
.02 
.11 
23 
.17 
.08 
.11 
.06 
.26 

100.00 

2 

100.00 

3 

100.00 

4 

100.00 

5 

HID,  Of, 

6 

650 
490 
510 
490 
485 

100.00 

7 

100. 00 

8 

Kill  00 

9 

100.00 

10 

99.96 

11.... 

100.00 

12 _ 

500 
540 
580 
550 
565 
560 
500 
670 
500 
630 
585 
580 

100. 00 

13 

99.98 

14 . 

100.00 

15 

100.00 

16 

100. 00 

17 

100.00 

18 

100.00 

19 

100.00 

20 

100.00 

21 

100.00 

22 

99.96 

23 

100.00 

24 _ 

99.97 

25 

665 
560 
670 
590 
580 

99.90 

26 

99.95 

27 

100. 00 

28 

100.00 

S9 

100.00 

1  Material  fails  to  conform. 
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Table  7. — Results  of  laboratoiy  tests  on  85-100  -penetration  asphalts,  showing  conformity  to  present  specifications — Continued 


Producer 
number 

Specific 
gravity 

at 

77°/77°  F 

Flash 
point 

Penetra- 
tion at 
77°  F., 

100  gm., 
5  sec. 

Softening 
point 

Ductility 
at77°F., 
5  cm.  per 
minute 

Loss  on 
heating 
at  325° 
F.,  50 
gm.,  5 
hours 

Penetra- 
tion of 
residue 
compared 
to  pene- 
tration 
before 
heating 

CS2  solubility 

Identification  No. 

Bitumen 
soluble 

Organic 

matter 

insoluble 

Inorganic 

matter 
insoluble 

Bitumen 
soluble 
in  CCli 

30 

22 

23 

24-A 

24-B 

25-A 

25-B 

25-C 

26-A 

26-B 

27 

28 

1.001 
1.020 
1.010 
1.028 
1.034 
1.007 
'.999 
1.011 
1.002 
1.028 
1.050 

°F. 
640 
505 
665 
595 
560 
560 
655 
530 
505 
590 
435 

90 
93 
85 
83 
94 
96 
92 
96 
95 
86 
87 

°F. 
116 
120 
119 
119 
116 
116 
121 
118 
121 
116 
113 

Cm. 
163 
101 
173 
125 
170 
186 
115 
193 
120 
141 
250+ 

Percent 
0.03 
.08 
.02 
.04 
.02 
.07 
.03 
.07 
.13 
.14 
.53 

Percent 
86 
75 
75 
65 
72 
83 
80 
78 
80 
76 
70 

Percent 
99.79 
99.88 
99.67 
'  99. 44 
99.95 
99.64 
99.75 
99.85 
99.82 
99.64 
99.67 

Percent 
0.08 
.08 
.11 
'.36 
.05 
.08 
.13 
.08 
.08 
.15 
.12 

Percent 
0.13 
.04 
.22 
.20 
.00 
.28 
.12 
.07 
.10 
.21 
.21 

Percent 
100.00 

31                                              

100.00 

32 

100.00 

33 

99.94 

34 

100. 00 

35 _. 

99.90 

36 

99.97 

37 

100. 00 

38 

100.00 

39 

100.  00 

40 

99.74 

1  Material  fails  to  conform. 

or  85-100  grade  that  had  a  relatively  high  loss  on  heat- 
ing at  325°  F.  for  5  hours.  The  loss  for  both  grades  of 
this  asphalt  was  approximately  one-half  the  maximum 
allowable  loss  permitted  by  the  Federal  and  A.  A.  S.  H. 
O.  specifications  and  one-fourth  of  that  provided  for 
in  the  A.  S.  T.  M.  specifications.  The  loss  on  heating 
for  the  two  grades  of  sample  40  was  much  higher  than 
the  average  test  values,  which  are  0.07  percent  for  the 
50-60  asphalts  and  0.09  percent  for  the  85-100  grade. 
Thus  it  would  seem  that  the  maximum  allowable  loss 
permitted  by  these  specifications,  especially  by  the 
A.  S.  T.  M .  specifications,  is  far  greater  than  necessaiy. 

Table  8. —  The  range  and  average  of  results  of  tests  used  as 
requirements  in  the  standard  specifications 


50-60  grade 

85-100  grade 

Test 

Mini- 
mum 

Maxi- 
mum 

Aver- 
age 

Mini- 
mum 

Maxi- 
mum 

Aver- 
age 

Specific  gravity  at  77°/77°  F 
Flash  point,  °  F 

0.995 
440 

46 
118 
27 

+0.01 

70 
99.37 

0.03 

99.77 

1.053 
680 

61 
137 
250+ 

0.48 

94 
99.94 

0.48 

100 

1.025 
574 

54.4 
127.8 
175.5 

0.074 

85.2 
99.80 

0.09 

99.97 

0.991 
435 

83 
111 
101 

0.01 

65 
99.44 

0.04 

99.74 

1.050 
670 

97 
123 
250+ 

0.53 

88 
99.94 

0.36 

100 

1.019 
564 

Penetration  at  77°  F.,  100  gm.,  5 
sec 

Softening  point,  °  F 

Ductility  at  77°  F.,  cm 

Loss  on  heating  at  325°  F.,  per- 
cent  

92.3 

117 

179.8 

0  089 

Penetration  of  residue,  percent- 
age of  original _  _ 

77  6 

Bitumen  soluble  in  CS2,  percent 
Organic  matter  insoluble  in  CS2, 
percent. .  _.  

99.79 
0  12 

Bitumen  soluble  in  CC1«,  per- 
cent   

99  98 

FEDERAL  SPECIFICATIONS  FOR  ASPHALT  CEMENTS  MOST 
RESTRICTIVE 

The  Federal,  A.  S.  T.  M.  and  A.  A.  S.  H.  O.  specifica- 
tions require  that  the  penetration  of  the  residue  from 
the  loss  on  heating  shall  be  at  least  60  percent  of  its 
original  penetration  before  heating.  The  percentage 
of  original  penetration  retained  by  the  residues  of  the 
50-60  asphalt  varied  from  70  to  94,  with  an  average  of 
85  percent.  For  the  85-100  asphalts  the  range  was 
from  65  to  88,  with  an  average  of  78  percent.  Although 
all  the  test  results  were  well  over  the  minimum  per- 
mitted by  the  specifications,  there  were  differences 
among  the  various  asphalts  of  each  grade  in  the  degree 
of  hardening  during  the  5-hour  oven  test.  The  ranges 
and  averages  for  the  percentage  of  original  penetration 
retained  by  the  residues  of  the  asphalts  indicate  that  the 
85-100  penetration  asphalts  harden  to  a  greater  degree 
than  do  the  50-60  penetration  asphalts. 

Only  one  50-60  asphalt  and  one  85-100  penetration 


asphalt  failed  to  meet  the  minimum  requirement  of 
the  Federal  and  A.  A.  S.  H.  O.  specifications  of  99.5 
percent  bitumen  soluble  in  carbon  disulphide.  The 
test  average  for  both  grades  was  approximately  99.8 
percent.  The  test  ranges  of  both  the  50-60  and  85-100 
penetration  asphalts,  as  shown  in  figures  1  and  2,  ex- 
tended well  beyond  the  limit  of  the  Federal  specifica- 
tion for  the  amount  of  organic  matter  insoluble  in 
carbon  disulphide  because  of  the  relatively  high  insolu- 
bility of  sample  33  of  each  grade.  All  of  the  other 
materials  except  sample  28  of  the  50-60  grade  and 
sample  29  of  the  85-100  grade  met  this  specification 
requirement,  and  the  average  percentage  of  organic 
matter  insoluble  in  carbon  disulphide  was  approxi- 
mately 0.1  for  the  asphalts  of  both  penetration  grades. 

The  minimum  requirement  of  the  A.  S.  T.  M.  and 
A.  A.  S.  II.  O.  specifications  of  99.0  percent  bitumen 
soluble  in  carbon  tetrachloride  is  far  lower  than  any 
test  value  obtained  on  the  asphalts  of  either  grade. 
The  minimum  test  value  for  each  grade  was  approxi- 
mately 99.75  percent  and  the  average  test  value  was 
99.98  percent  for  the  85-100  materials  and  99.97  percent 
for  the  50-60  asphalts. 

Careful  study  of  the  data  that  show  the  conformity 
of  these  asphalts  to  the  A.  S.  T.  M.  and  A.  A.  S.  H.  O. 
specifications  furnishes  no  information  that  can  be 
used  to  indicate  definitely  the  source  of  the  base 
petroleum  or  the  refining  process. 

A  requirement  for  ductility  of  not  less  than  30 
centimeters  as  designated  in  these  specifications  may 
eliminate  products  from  those  petroleums  that  do  not 
develop  ductile  residues,  and  this  requirement  may 
restrict  to  some  extent  the  amount  of  blowing  that 
can  be  employed  in  the  refining  process.  However, 
with  only  the  test  data  required  by  these  specifications, 
it  is  impossible  to  determine  the  distinguishing  charac- 
teristics of  asphalts  from  various  sources  and  refining 
processes.  Accordingly,  the  uniformity  of  supply  can- 
not be  controlled,  and  no  pertinent  information  is 
available  to  indicate  what  measures  should  be  em- 
ployed in  the  use  of  the  particular  asphalt  to  insure  the 
prevention  of  deterioration  during  the  mixing  and  con- 
struction processes  and  under  service  conditions. 

The  test  data  obtained  to  show  compliance  with  the 
Federal  specification  furnish  additional  information 
that  is  helpful  in  this  respect  although  not  entirely 
satisfactory.  The  minimum  specific  gravity  require- 
ment serves  to  eliminate  to  some  extent  those  asphalts 
prepared  from  petroleums  of  paraffinic  base.  The 
slightly  higher  minimum  ductility  requirement  of  this 
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STATE  SPECIFICATION  REQUIREMENT 


SPECIFIC  GRAVITY  AT  77°/77°F 


NUMBER 

OF  STATES 

REQUIRING 

TEST 


1.00  1.01  105  1.03  1.04  1.05  106 

FLASH  POINT-DEGREES  F 


><i-  365  392    400  437    446 

SOFTENING  POINT-DEGREES  F 


lOu  113  122  131  140  149  158 


DUCTILITY  AT  77°F,  5CM  PER  MINUTE-CM 


30  40  50  60  75     80 

LOSS  AT  325°  F.,  50  GRAMS,  5  HOURS  -  PERCENT 


0  0  5  1.0  1.5  2.0 

PENETRATION  OF  RESIDUE-PERCENTAGE  OF  ORIGINAL 


50  55  60  65  70  75 


BITUMEN  SOLUBLE  IN 


NT 


99  0  995  100  0 

ORGANIC  MATTER  INSOLUBLE  IN  CS," PERCENT 


0  01  0-2 

BITUMEN  SOLUBLE  IN  CCL.-PERCENT 


TOTAL  SOLUBLE   IN  CCL4  -PERCENT 


NUMBER 

OF  SAMPLES 

FAILING 

TEST 


Figure  3. — State  Specifications  for  50-60  Penetration 
Asphalts,  Showing  the  Test  Requirements,  the  Number 
of  States  Using  Each  Limit  and  the  Number  of  50-60 
Penetration  Asphalts  Investigated  Failing  Each  Re- 
quirement. 

specification,  together  with  the  softening  point  limits, 
offers  some  control  over  the  processing  of  certain 
petroleums. 

The  uniformity  of  supply  for  a  particular  job  is  con- 
trolled in  the  Federal  specification  by  the  following 
special  requirement: 

The  material  furnished  under  this  specification  for  a  given  con- 
tract, type,  and  grade  shall  be  uniform  in  character  and  shall 
not  vary  more  than  18°  F.  in  softening  point  from  the  test  limits 
specified  nor  more  than  0.020  in  specific  gravity     *     *     *. 

The  intent  of  this  somewhat  ambiguous  requirement 
is  to  provide  that  shipments  of  material  for  a  particular 
job  shall  be  within  the  test  limits  specified  for  the 
grade  and  in  addition  shall  have  softening  points  within 
18°  F.  and  specific  gravities  within  0.02  of  values 
obtained  for  the  asphalt  originally  accepted. 


A  study  of  the  test  data  in  tables  6  and  7  will  show, 
however,  that  this  provision  does  not  insure  the  desired 
uniformity.  The  ranges  in  specific  gravity  values  for 
50-60  and  85-100  penetration  asphalt  were  0.995  to 
1.053  and  0.991  to  1.050,  respectively.  If  the  material 
initially  submitted  had  a  specific  gravity  of  1.025,  the 
above  requirement  would  permit  the  subsequent  ac- 
ceptance of  asphalts  having  specific  gravities  of  1.005 
to  1.045.  Only  five  50-60  asphalts  and  seven  85-100 
asphalts  included  in  this  investigation  could  not  be 
substituted  in  this  specific  case. 

The  range  in  values  of  the  softening  point  for  the 
50-60  asphalts  was  19°  F.  and  for  the  asphalts  of  85-100 
penetration  was  12°  F.  It  is  apparent,  therefore,  that 
in  both  grades  many  of  the  asphalts  represented  by 
materials  in  this  investigation  could  be  substituted  for 
another  without  violating  the  provisions  of  this  special 
requirement  for  permissible  variation  in  the  softening 
points  of  subsequent  shipments  of  asphalt  for  the  same 
project  and  without  indicating  to  the  user  that  a  dif- 
ferent base  petroleum  or  a  different  refining  process  bad 
been  substituted. 

STANDARD  SPECIFICATIONS   CONSIDERABLY   MODIFIED   BY  SOME 

STATES 

The  specifications  of  the  various  States  for  asphalt 
cement  indicate  that  there  is  a  decided  tendency  to 
modify  the  specifications  as  adopted  or  proposed  by 
the  Federal  Specifications  Executive  Committee,  the 
American  Association  of  State  Highway  Officials,  and 
the  American  Society  for  Testing  Materials.  A  major- 
ity of  the  States  have  specifications  for  asphalt  cements 
of  one  or  more  of  the  usual  penetration  grades.  A  study 
of  the  specifications  available  showed  that  40  States 
and  the  District  of  Columbia  specify  50-60  penetration 
asphalts.  Three  States  do  not  have  specifications  for 
50-60  but  do  have  specifications  for  60-70  penetration 
asphalts  and  these  will  be  included  in  the  following 
summary  of  the  50-60  grade.  A  majority  of  these 
specifications  were  adopted  after  1935. 

A  summary  of  the  State  specifications  shows  that 
only  two  States  use  the  Federal  specification,  two  the 
A.  A.  S.  H.  O.  specification,  and  one  the  A.  S.  T.  M. 
specification,  with  their  present  test  requirements. 
Some  of  the  States  use  the  same  physical  and  chemical 
tests  as  required  in  one  of  the  above-named  specifica- 
tions, but  they  have  changed  the  limits  of  one  or  more 
of  these  requirements.  Other  States  have  changed 
the  test  limits  of  the  Federal,  A.  S.  T.  M .,  or  A.  A.  S. 
H.  O.  specifications  and  also  have  added  special  test 
requirements. 

In  order  to  show  how  the  States  have  modified  their 
specifications,  the  physical  and  chemical  tests  of  the 
Federal,  A.  S.  T.  M.,  and  A.  A.  S.  H.  O.  specifications 
with  the  various  test  limits  as  adopted  by  the  different 
States  and  the  District  of  Columbia  are  shown  graphi- 
cally in  figure  3.  This  figure  also  shows  the  number  of 
States  using  the  different  limits  for  the  specification 
tests  and  the  number  of  asphalt  cements  of  the  50-60 
penetration  grade,  given  in  table  6,  that  failed  to  meet 
each  specification  requirement. 

A  discussion  of  the  data  plotted  in  this  figure  will 
show  how  the  limits  of  the  various  State  specifications 
vary  from  those  of  the  Federal,  A.  S.  T.  M.,  or  A.  A.  S. 
H.  O.  specifications. 

Twenty-four  States  require  a  test  for  specific  gravity 
at  77777°  F.  and  10  of  these  have  test  limits  that 
differ  from  the  requirement  of  the  Federal  specification. 
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Three  States  specify  a  higher  minimum  requirement  and 
6  States  a  lower  minimum  requirement.  One  State  has 
both  a  maximum  and  minimum  limit.  In  general,  the 
higher  the  minimum  limit,  the  greater  the  number  of 
50-60  asphalts  that  fail  to  meet  the  specification  re- 
quirement. It  is  interesting  to  note  that  if  the  test 
requirement  for  specific  gravity  of  not  less  than  1  or 
more  than  1.04  were  to  be  rigidly  enforced,  5  out  of  6 
Mexican  asphalts  examined  in  this  investigation  would 
be  excluded  from  use.  In  setting  this  limit  it  is  be- 
lieved that  it  was  not  the  intention  of  this  particular 
specification  to  eliminate  this  material. 

Thirty-two  of  the  forty-two  States  using  the  flash 
point  test  have  the  same  requirements  as  the  Federal, 
A.  S.  T.  M.,  and  A.  A.  S.  H.  O.  specifications,  while  the 
other  10  States  specify  higher  minimum  limits  ranging 
from  392°  to  446°  F.  Only  one  50-60  asphalt  has  a 
flash  point  lower  than  446°  F. 

Only  13  States  have  a  specification  requirement  for 
softening  point  and  5  of  these  use  the  same  limits  as 
the  Federal  specification.  Of  the  other  States,  5  use 
limits  of  113°  to  149°  F.,  1  uses  113°  to  140°  F.,  1  uses 
104°  to  149°  F.,  and  1  State  specifies  only  a  minimum 
requirement  of  120°  F.  The  50-60  penetration  as- 
phalts meet  all  these  limits  except  the  last.  Four  of 
the  five  California  asphalts  tested  in  this  investigation 
had  softening  points  below  120°  F. 

The  requirements  of  the  States  for  ductility  show  the 
greatest  variations  from  the  limits  of  the  Federal, 
A.  S.  T.  M.,  or  A.  A.  S.  H.  O.  specifications.  Of  the 
40  States  requiring  a  ductility  test  at  77°  F.,  8  use  the 
limit  of  the  A.  S.  T.  M.  and  A*.  A.  S.  H.  O.  specifications, 
and  3  use  the  limit  of  the  Federal  specification.  All 
the  remaining  States  have  higher  minimum  requirements 
ranging  from  45  centimeters  up  to  100  centimeters  with 
16  States  using  the  highest  limit.  With  a  minimum 
ductility  of  100  centimeters,  however,  only  8  of  the 
50-60  asphalts  failed  to  pass  this  test  requirement. 
Four  asphalts,  samples  16,  20,  31,  and  33,  had  duc- 
tilities below  60  centimeters,  and  3  of  these,  samples 
20,  31,  and  33,  had  ductilities  below  45  centimeters. 

Thirty-seven  States  have  the  same  maximum  limits 
for  loss  on  heating  at  325°  F.  as  the  Federal  and  A.  A. 
S.  H.  O.  specifications.  Four  use  the  A.  S.  T.  M. 
requirement  of  not  more  than  2  percent  and  one  per- 
mits a  maximum  loss  of  0.75  percent.  All  of  the  as- 
phalts tested  had  losses  much  lower  than  the  0.75 
percent  limit. 

Thirty-seven  States  use  the  same  minimum  require- 
ment of  60  for  penetration  of  the  residue  from  loss  on 
heating  at  325°  F.  expressed  as  the  percentage  of  the 
penetration  before  heating.  Three  States  specify  a 
minimum  of  50  percent  and  one  State  a  minimum  of  70 
percent.     All  the  asphalts  met  these  requirements. 

CERTAIN  REQUIREMENTS  FOUND  TO  BE  DEFINITELY  RESTRICTIVE 

Thirty -five  out  of  thirty-eight  States  have  the  same 
limit  of  99.5  percent  of  bitumen  soluble  in  carbon  disul- 
phide  as  the  Federal  and  A.  A.  S.  H.  O.  specifications. 
One  sample  failed  to  meet  this  requirement.  Only  six 
States  require  a  determination  of  organic  matter  insol- 
uble in  carbon  disulphide  and  these  States  use  the  same 
limit  as  required  by  the  Federal  specification.  Two 
asphalts  failed  to  meet  this  requirement.  Twenty- 
three  States  require  a  determination  of  the  proportion 
of  bitumen  soluble  in  carbon  tetrachloride  and  seven 
States  require  a  determination  of  total  solubility  in 
carbon   tetrachloride.     Eighteen   of   the   twenty-three 
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States  specifying  the  percentage  of  bitumen  soluble  in 
carbon  tetrachloride  have  the  same  limit  as  the 
A.  S.  T.  M.  and  A.  A.  S.  H.  O.  specifications.  All  the 
asphalts  passed  the  requirements  for  percentage  of 
bitumen  soluble  in  carbon  tetrachloride.  Only  one 
asphalt  failed  to  meet  the  highest  specification  require- 
ment for  total  solubility  in  carbon  tetrachloride. 

On  the  basis  of  the  test  data  shown  in  table  6,  seven 
of  the  50-60  asphalts  failed  to  pass  the  test  require- 
ments of  the  Federal  specification,  while  but  one 
asphalt  failed  to  meet  the  test  requirements  of  the 
A.  S.  T.  M.  or  A.  A.  S.  H.  O.  specifications.  With  the 
same  control  tests  but  with  changes  in  the  specification 
requirements,  the  limits  imposed  by  various  States,  if 
rigidly  enforced,  would  result  in  the  rejection  of  28  of 
these  asphalts,  leaving  only  11  materials  that  would  not 
be  excluded  by  some  one  of  the  modifications.  Table 
9  shows  the  samples  that  failed  to  meet  the  various 
requirements  of  the  States.  The  failure  of  such  a  large 
proportion  of  the  asphalts,  some  of  which  are  repre- 
sentative of  materials  which  have  given  satisfactory 
service  performance,  indicates  that  certain  require- 
ments are  definitely  restrictive. 

In  addition  to  the  routine  tests  that  were  made  to 
determine  the  conformity  of  the  50-60  and  85-100 
penetration  asphalts  to  the  Federal,  A.  S.  T.  M.,  and 
A.  A.  S.  H.  O.  specifications,  modifications  of  these 
routine  tests  and  a  number  of  other  tests  that  have 
been  used  or  are  proposed  for  use  by  various  agencies 
were  also  made.  The  data  will  be  discussed  and,  where 
the  particular  test  has  been  used  as  a  specification  re- 
quirement, the  effect  of  the  particular  limits  on  the 
acceptance  or  rejection  of  materials  similar  to  the 
asphalts  of  this  study  will  be  considered. 

In  table  10,  the  essential  data  for  the  calculation  of 
various  factors  that  have  been  used  in  specification 
requirements  for  controlling  the  susceptibility  of 
asphalts  to  changes  in  temperature  are  given.  Various 
combinations  of  requirements  for  softening  point, 
ductility,  and  penetration  at  32°  and  115°  F.,  together 
with  consistency  at  normal  temperature,  77°  F.,  have 
been  employed  in  some  instances  to  insure  a  material 
having  a  satisfactory  range  in  consistency  for  particular 
climatic  conditions.  In  many  cases  various  consistency 
tests  are  used  to  devise  empirical  susceptibility  factors 
that  become  essential  requirements  in  the  specifications 
for  asphaltic  cements.  The  susceptibility  factors  that 
have  been  derived  from  the  data  shown  in  this  table 
are  given  in  table  11. 

Since  the  penetration  test  was  first  adopted  as  a 
specification  requirement,  it  has  been  used  as  a  means 
of  controlling  the  susceptibility  of  asphalts  to  changes  in 
temperature.  Various  penetration  relationships  have 
been  used  for  this  purpose.  One  of  the  oldest  methods 
for  controlling  the  susceptibility  of  asphalt  cements  is 
the  one  generally  used  in  the  specifications  for  materials 
such  as  those  intended  for  waterproofing  and  as  fillers. 
Besides  providing  for  a  given  penetration  range  at  77° 
F.,  these  specifications  require  a  minimum  limit  at  32° 
F.,  200  grams,  60  seconds  and  a  maximum  limit  at 
115°  F.,  50  grams,  5  seconds. 

SUSCEPTIBILITY  FACTORS  SOMETIMES  ADVANCED  AS 
SPECIFICATION  REQUIREMENTS 

^  A  State  specification  of  a  few  years  ago  employed  the 
values  obtained  at  these  three  temperatures  to  set  up 
the  factor: 
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Table  9. — Identification '  of  the  60-60  penetration  asphalts  which  fail  to  meet  the  lest  limits  of  the  standard  2  specifications  as  modified 

by  the  States 


Test 

Specific  gravity  at  77°/77°  F. 

Flash 
point 

Soften- 
ing 
point 

Ductility  at  77°  F.,  5  era.  per  minute 

Bitumen 
soluble 
in  CSs 

Organic 
matter 

insoluble 
in  CSi 

Total 
soluble 
in  CC1« 

Test  requirement 

1.00- 
1.04 

1.02+ 

1.01+ 

1.00+ 

446+ 
°F. 

120+ 
°F. 

100+ 
cm. 

80+ 
cm. 

75+ 
cm. 

60+ 
cm. 

50+ 
cm. 

45+ 
cm. 

40+ 
cm. 

30+ 
cm. 

99.5+ 
percent 

0.20- 
percent 

99.5+ 

percent 

Sample  number: 

1 

X 
X 
X 
X 

2 

X 
X 

X 
X 

X 

3 

4 

6... 

6 

7 

X 
X 

8 

X 

X 

X 

9 

10 

X 
X 
X 

11 

12 

13 

14 

15 

16 

X 

X 

X 

X 

17 

18 

19 

20 

X 

X 

X 

X 

X 

X 

X 

X 

21 

22 

X 

X 

23 

X 

X 
X 

24 

X 
X 
X 

X 

X 
X 

X 

X 

X 

25 

26 

X 

X 

27 

X 

28 

X 

30 

X 

X 

31.. 

X 

X 

X 

X 

X 

X 

32 

X 

33 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

34 

35 

X 
X 

36 

37 

38 

X 

39 

40 

X 

X 

Number  "of  samples  failing  each 
test  requirement 

9 

16 

4 

2 

1 

4 

8 

6 

5 

4 

3 

3 

2 

1 

1 

2 

1 

<  Samples  marked  (x)  fail  to  meet  test  requirement. 

» Includes  the  Federal.  A.  S.  T.  M.  and  A.  A.  S.  H.  O.  specifications. 


Table  10. — Consistency  determinations  of  the  50-60  and  85-100  penetration  asphalts 


50-60  penetration  asphalts 

85-100  penetration 

asphalts 

Penetration 

Say- 
bolt- 
Furol 

viscos- 
ity at 

275°  F. 

Float 
test  at 
176°  F. 

Penetration 

Say- 
bolt- 
Furol 

viscos 
ity  at 

275°  F. 

Identification  No. 

200 
grams, 
60  sec- 
onds 

100  grams,  5  seconds 

50 
grams, 
5  sec- 
onds 
at  115° 
F. 

200 
grams, 
60  sec- 
onds 

100  grams,  5  seconds 

Float 
test  at 
176°  F. 

At 
32° 
F. 

At 

39.2° 

F. 

At 
32° 
F. 

At 
41° 
F. 

At 
50° 
F. 

At 
59° 
F. 

At 
68° 
F. 

At 
77° 
F. 

At 
86° 
F. 

At 
95° 
F. 

At 
104° 
F. 

At 
32° 
F. 

At 

39.2° 

F. 

At 

32° 
F. 

At 
41° 
F. 

At 
50° 
F. 

At 
59° 
F. 

At 
68° 
F. 

At 
77° 
F. 

At 
86° 
F. 

At 
95° 
F. 

1 

9 
9 
9 
9 
9 
10 
18 
21 
17 
17 
20 
17 
19 
11 
15 
15 
14 
14 
12 
24 
16 
25 
11 
17 
14 
15 
12 
12 

15 
17 
16 
16 
18 
20 
27 
31 
26 
26 
25 
25 
28 
24 
25 
25 
22 
26 
20 
38 
27 
32 
20 
23 
24 
22 
21 
20 

1 
1 

1 
1 
1 
3 
5 
7 
4 
5 
5 
5 
6 
3 
4 
5 
5 
4 
5 
8 
4 
8 
4 
6 
5 
4 
3 
4 

5 
5 
5 
5 
5 
7 

10 

11 
9 

10 
9 
9 

10 
6 
7 
8 
8 
7 
7 

14 
9 

14 
6 

10 
8 
8 
7 
8 

9 
9 
9 
9 
9 
11 
14 
17 
12 
14 
14 
14 
16 
12 
13 
13 
13 
13 
12 
20 
16 
20 
12 
15 
16 
15 
13 
14 

15 
16 
15 
15 
15 
17 
23 
25 
21 
23 
22 
20 
23 
19 
21 
21 
19 
21 
20 
29 
23 
26 
18 
24 
23 
21 
19 
20 

27 
30 
29 
30 
29 
30 
34 
36 
33 
34 
34 
33 
35 
31 
33 
30 
30 
32 
36 
40 
36 
40 
32 
37 
35 
35 
30 
36 

57 
61 
61 
60 
58 
52 
58 
56 
53 
56 
54 
55 
51 
52 
52 
48 
48 
51 
57 
58 
67 
67 
60 
54 
58 
53 
49 
58 

105 
113 
112 
115 
104 
88 
91 
82 
81 
85 
82 
85 
74 
84 
84 
72 
78 
79 
96 
81 
91 
78 
111 
84 
96 
88 
79 
90 

190 
200 
198 
202 
186 
143 
140 
123 
126 
133 
130 
136 
108 
137 
135 
106 
122 
123 
162 
116 
145 
113 
194 
129 
156 
141 
125 
150 

Seconds 
105 
127 
124 
114 
131 
251 
475 
260 
537 
483 
490 
555 
274 
260 
274 
288 
337 
337 
304 
425 
340 
415 
82 
337 
311 
215 
362 
196 

Seconds 
106 
109 
108 
107 
119 
135 
173 
153 
183 
174 
184 
176 
160 
131 
135 
160 
152 
147 
133 
199 
144 
180 
100 
152 
132 
144 
156 
130 

15 
16 
15 
16 
14 
18 
27 
31 
27 
27 
25 
28 
28 
21 
22 
25 
25 
25 
20 
37 
23 
31 
14 
23 
20 
21 
18 
15 
15 

22 
29 
27 
23 
23 
31 
44 
43 
42 
41 
44 
40 
41 
35 
33 
37 
33 
37 
32 
48 
34 
41 
24 

31 
30 
27 
24 
25 

2 
3 
4 
2 
4 
5 
9 

10 
9 
9 
8 

10 
9 
5 
5 
8 
6 
7 
6 

13 
7 

11 
5 
9 
8 
8 
6 
5 
4 

6 
7 
6 
6 
7 
10 
15 
18 
16 
15 
16 
15 
13 
10 
10 
13 
12 
11 
13 
21 
15 
19 
9 
14 
12 
11 
10 
9 
10 

11 
13 
13 
12 
13 
16 
23 
24 
22 
22 
22 
22 
22 
17 
17 
20 
19 
18 
21 
26 
19 
26 
12 
23 
22 
20 
18 
14 
16 

21 
24 
25 
23 
24 
29 
38 
37 
37 
36 
37 
38 
38 
32 
32 
37 
33 
33 
34 
43 
37 
40 
29 
37 
36 
33 
31 
30 
26 

43 
51 
51 
49 
49 
53 
69 
67 
57 
58 
58 
69 
61 
57 
67 
59 
55 
53 
54 
61 
68 
64 
50 
58 
56 
51 
54 
51 
49 

85 
96 
95 
92 
91 
92 
96 
96 
96 
95 
97 
97 
94 
95 
92 
94 
92 
85 
90 
90 
97 
96 
91 
94 
94 
84 
93 
92 
92 

160 
177 
176 
173 
175 
157 
147 
138 
144 
141 
148 
148 
145 
153 
152 
153 
151 
132 
145 
132 
156 
149 
162 
150 
150 
138 
158 
157 
163 

266 
290 
283 
277 
278 
265 
224 
215 
219 
216 
227 
230 
238 
258 
258 
250 
244 
214 
236 
200 
250 
230 
271 
230 
237 
218 
249 
259 
263 

Seconds 
82 
94 
93 
95 
110 
178 
294 
152 
316 
313 
288 
281 
166 
152 
147 
167 
197 
267 
217 
234 
217 
227 
84 
195 
203 
173 
i82 
148 
102 

Seconds 
90 

2 

91 

3 

90 

4 

98 

5      

100 

6 

226 
225 
210 
206 
208 
202 
211 
168 
236 
225 
169 
196 
208 
265 
170 
225 
169 

279 
268 
279 
247 
257 
243 
248 
196 

273 
205 
246 
248 

"~~i88~ 
270 
198 

106 

7 

139 

8 

115 

9    

132 

10    

134 

11 

134 

12    

128 

13    - 

118 

14 

109 

15 

109 

16 

113 

17 

112 

18 

135 

19.. 

113 

20.. 

126 

21 

109 

22 

117 

23 

89 

24 

197 
248 
213 
195 
253 

235 

280 
248 

103 

25 

106 

26 

107 

27 

103 

28 

101 

29... 

99 
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Table  10  — 

Consistency  determinations 

of  the  50-60  and  85-100 

penetration  asphalts — 

Continued 

50-60  penetration  asphalts 

85-100  penetration  asphalts 

Penetration 

Say- 
bolt- 
Furol 

viscos- 
ity at 

275°  F. 

Float 
test  at 
176°  F. 

Penetration 

Say- 
bolt- 
Furol 
viscos- 
ity at 
275°  F. 

Identification  No. 

200 
grams, 
60  sec- 
onds 

100  grams,  5  seconds 

50 
grams, 
5  sec- 
onds 
at  115° 
F. 

200 

grams. 
60  sec- 
onds 

100  grams,  5  seconds 

Float 
test  at 
176°  F. 

At 
32° 
F. 

At 

39.2° 

F. 

At 
32° 
F. 

At 
41° 
F. 

At 
50° 
F. 

At 
59° 
F. 

At 
68° 
F. 

At 
77° 
F. 

At 
86° 
F. 

At 
95° 
F. 

At 
104° 
F. 

At 
32° 
F. 

At 

39.2° 

F. 

At 
32° 
F. 

At 
41° 
F. 

At 
50° 
F. 

At 
59° 
F. 

31 
41 
30 
32 
36 
38 
39 
42 
43 
25 
31 

At 
68° 
F. 

At  At 
77°  86° 
F.     F. 

At 
95° 
F. 

30 

15 
19 
13 
13 
19 
17 
16 
19 
21 
8 
13 

21 
29 
22 
21 
27 
27 
25 
29 
33 
14 
21 

4 
6 
3 
3 
5 
6 
4 
5 
7 
2 
3 

9 
12 
8 
8 
10 
10 
9 
10 
11 
6 
7 

13 
16 
11 
11 
16 
14 
13 
16 
17 
8 
12 

20 
25 
17 
18 
23 
22 
22 
24 
25 
13 
19 

32 

39 
31 
30 
36 
36 
36 
33 
37 
26 
31 

48 
59 
49 
46 
58 
57 
55 
52 
55 
47 
50 

76 

88 
79 
76 
86 
90 
87 
77 
81 
82 
82 

112 
136 
126 
121 
138 
147 
134 
116 
120 
134 
136 

170 
198 
187 
186 
211 
239 
212 
174 
176 
227 
220 

203 
224 
232 
234 
252 

263 
206 
204 
276 

Seconds 
515 
393 
285 
113 
204 
210 
254 
369 
324 
209 
120 

Seconds 
167 
193 
146 
123 
144 
129 
141 
180 
173 
139 
129 

18 
28 
18 
17 
25 
25 
26 
32 
42 
15 
18 

32 
44 
28 
29 
38 
40 
37 
47 
49 
23 
36 

7 
10 
5 
5 
8 
9 
10 
9 
14 
4 
6 

12 
18 
13 
11 
14 
16 
17 
17 
21 
9 
10 

19 
26 
20 
19 
24 
25 
27 
28 
29 
16 
18 

64 
58 
48 
50 
56 
58 
60 
63 
65 
45 
52 

90     143 

93  141 

85  131 
83     125 

94  147 
96  150 
92  136 
96     143 

95  138 

86  159 

87  151 

223 
213 
207 
200 
232 
248 
200 
223 
205 
265 
259 

Seconds 
185 
215 
195 

98 
132 
163 
172 
195 
195 
132 

76 

Seconds 
tll2 

31 

128 

32 

115 

33 

104 

34 

104 

35 

109 

36 

109 

37 

122 

38 

135 

39 

103 

40 

96 

Table  11. — Susceptibility  factors  of  the  60-60  and  85-100  penetration  asphalts 


Identi- 
fication 
No. 


9.. 
10. 
11. 
12. 
13. 
14. 
15. 
16. 
17. 
18. 
19. 
20. 
21. 
22. 
23. 
24. 
25. 
26. 
27. 
28. 
29. 
30. 
31. 
32. 
33. 
34. 
35. 
36. 
37. 
38. 
39. 
40. 


Pen.  77°  F. 

Pen. 32°  F. 

0) 


50-60 
grade 


6.3 
6.8 
6.8 
6.7 
6.4 
5.2 
3.2 
2.7 
3.1 
3.3 
2.7 
3.2 
2.7 
4.7 
3.5 
3.2 
3.4 
3.6 
4.8 
2.4 
3.6 
2.3 
5.5 
3.2 
4.1 
3.5 
4.1 
4.8 


3.2 
3.1 
3.8 
3.5 
3.1 
3.4 
3.4 
2.7 
2.8 
5.9 
3.8 


85-100 
grade 


5.7 
6.0 
6.3 
5.8 
6.5 
5.1 
3.6 
3.1 
3.6 
3.5 
3.9 
3.5 
3.4 
4.5 
4.2 
3.8 
3.7 
3.4 
4.5 
2.4 
4.2 
3.1 
6.5 
4.1 
4.7 
4.0 
5.2 
6.1 
6.1 
4.8 
3.3 
4.7 
5.0 
3.8 
3.8 
3.6 
3.0 
2.2 
5.7 
4.8 


Pen.  115°  F. -Pen.  32°  F. 


Pen.  77°  F. 


50-60  grade 


(<) 
(«) 
(') 


(<) 


(') 


(<) 


5.2 
4.3 
4.6 
4.3 
4.3 
4.1 
4.2 
3.5 

5.0 

4.0 
4.8 
4.6 

2.8 
4.5 
3.0 

4.0 

5.0 


3  9 
3.5 
4.5 
4.8 
4.0 

4.5 
3.6 
3.3 
5.7 


Pen.  100°  F. 


Pen.  77° 


F. 


50-60 
grade 


4.7 
4.8 
4.8 
4.9 
4.4 
3.7 
3.2 
2.8 
3.2 
3.0 
3.1 
3.2 
2.7 
3.5 
3.3 
2.9 
3.3 
3.1 
3.7 
2.5 
3.3 
2.5 
4.7 
3.0 
3.5 
3.5 
3.4 
3.4 


3.0 
2.8 
3.3 
3.3 
3.1 
3.4 
3.2 
2.8 
2.7 
3.8 
3.6 


85-100 
grade 


5.3 
5.1 

5.4 
5.2 
5.3 
4.1 
3.1 
2.8 
2.9 
3.1 
3.1 
3.1 
3.2 
3.7 
3.8 
3.5 
3.7 
3.3 
3.4 
2.7 
3.4 
3.1 
4.3 
3.2 
3.3 
3.4 
3.9 
4.1 
3.9 
3.6 
2.9 
3.2 
3.0 
3.3 
3.2 
2.7 
2.9 
2.7 
4.1 
4.0 


Pen.  39.2°  F. 


Pen.  77° 


F. 


50-60 
grade 


Percent 
26 
28 
26 
27 
31 
38 
47 
55 
49 
46 
46 
45 
55 
46 
48 
52 
46 
51 
35 
66 
47 
56 
33 
43 
41 
42 
41 
36 


85-100 
grade 


Percent 
26 
30 
28 
25 
25 
34 
46 
45 
44 
43 
45 
41 
44 
37 
36 
39 
36 
44 
36 
53 
35 
43 
26 


PTS*  cal- 
culated by 
Pfeifler  and 
Van  Doormal 

method 


60-60 
grade 


0. 0276 
.0270 
.0271 
.0272 
.0266 
.0242 
.0209 
.0209 
.0216 
.0208 
.0212 
.0210 
.0219 
.0242 
.0244 
.0221 
.0241 
.0228 
.0238 
.0189 
.0216 
.0191 
.0263 
.0216 
.0228 
.0226 
.0223 
.0234 


.0226 
.0202 
.0240 
.0248 
.0221 
.0247 
.0240 
.0214 
.0212 
.0247 
.0262 


85-100 
grade 


0. 0272 
.0268 
.0268 
.0272 
.0262 
.0237 
.0213 
.0207 
.0211 
.0210 
.0217 
.0218 
.0231 
.0243 
.0246 
.0235 
.0229 
.0202 
.0246 
.0217 
.0241 
.0229 
.0271 
.0228 
.0224 
.0231 
.0241 
.0245 
.0258 
.0241 
.0214 
.0221 
.0234 
.0236 
.0234 
.0212 
.0222 
.0210 
.0247 
.0268 


Slope  of  the 
log  penetra- 
tion-temper- 
ature curve 


50-60 
grade 


0. 0295 
.0307 
.0297 
.0307 
.0287 
.0252 
.0217 
.0192 
.0226 
.0216 
.0216 
.0222 
.0185 
.0238 
.0224 
.0202 
.0224 
.0215 
.0249 
.0172 
.0223 
.0174 
.0292 
.0207 
.0231 
.0227 
.0236 
.  0228 


.0203 
.0195 
.0227 
.0227 
.0215 
.0229 
.0215 
.0194 
.019S 
.0248 
.0240 


85-100 
grade 


0. 0323 
.0314 
.0324 
.0315 
.0313 
.0267 
.0219 
.0211 
.0217 
.0220 
.0219 
.0219 
.0221 
.0248 
.0248 
.0236 
.0246 
.0226 
.0235 
.0189 
.0230 
-0-J14 
.0277 
.0226 
.0228 
.0231 
.0256 
.0272 
.0266 
.0245 
.0205 
.0225 
.0219 
.0227 
.0224 
.0192 
.0200 
.0188 
.0277 
.0261 


Penetration  index 


Calculated 
from  P  TS ' 


50-60 
grade 


-1.39 

-1.25 

-1.28 

-1.29 

-1.15 

-.67 

+.42 

+.42 

+.20 

+.43 

+.33 

+.38 

+.08 

-.57 

-.63 

+.05 

-.52 

-.18 

-.45 

+1.09 

+.20 

+1.05 

-1.08 

+.19 

-.16 

-.10 

-.03 

-.35 


-.10 

+.64 
-.61 
-.71 
+.03 
-.68 
-.51 
+.26 
+.33 
-.68 
-1.07 


85-100 
grade 


-1.29 
-1.20 
-1.20 
-1.29 
-1.07 
-.44 
+.25 
+.47 
+.32 
+.38 
+.17 
+.14 
-.24 
-.58 
-.67 
-.37 
-.20 
+.68 
-.67 
+.17 
-.64 
-.19 
-1.26 
-.16 
-.07 
-.24 
-.63 
-.65 
-.98 
-.53 
+.26 
+.05 
-.34 
-.40 
-.34 
+.31 


+.38 
-.68 
-1.20 


Calculated 
from  slope  of 
log  penetra- 
tion tem- 
perature curve 


60-60 
grade 


-1.79 

-2.02 

-1.83 

-2.02 

-1.63 

-.83 

+.17 

+.99 

-.12 

+.19 

+.19 


+1.26 
-.45 
-.05 
+.64 
-.05 
+.22 
-.74 

+1.76 
-.02 

+1.70 

-1.74 
+.47 
-.26 
-.15 
-.40 
-.16 


+.62 
+.89 
-.15 
-.15 
+.22 
-.20 
+.22 
+.93 
+.79 
-.71 
-.52 


86-100 
grade 


-2.32 

-2.16 

-2.34 

-2.18 

-2.14 

-1.19 

+.10 

+.32 

+.15 

+.07 

+.10 

+.10 

+.03 

-.71 

-.71 

-.40 

-.67 

-.12 

-.37 

+1.11 

-.21 

+.26 

-1  42 

-.12 

-.16 

-.26 

-.92 

-1.30 

-1.16 

-.63 

+.64 

-.08 

+.10 

-.15 

-.05 

+.99 

+.71 

+  1.15 

-1.42 

-1.04 


Float  test 
index 


50-60 
grade 


77.7 
81.6 
81.2 
80.2 
83.1 
83.8 

100.1 
92.6 
98.5 
98.7 
99.6 
98.4 
90.4 
82.6 
83.8 
87.6 
85.4 
86.6 
87.0 

107.5 
90.6 

101.3 
77.4 
90.6 
87.2 
87.4 
87.4 


89.6 
106.6 
84.6 
75.2 
91.4 
85.8 
88  1 
96.8 
97.6 


85-100 
grade 


87.4 
93.4 
92.6 
95.0 
95.4 
98  8 
115.5 
105.1 
112.5 
112.8 
114  0 
111.5 
105.3 
101.7 
100.1 
103.1 
101.5 
107.0 
100.8 
106.5 
102.7 
106.0 
90.0 
98.4 
99.8 
94.8 
97.9 
96.4 
95  5 
100.4 
109.1 
98.8 
92.9 
98.9 
102.3 
100.1 
108.2 
113.2 
94.2 
91.4 


Fluidity 
factor 


60-60 
grade 


27.4 
40.3 
38.4 
32.4 
42.3 
103.5 
241  9 
114.2 
256.5 
239.1 
235.4 
275.0 
113.7 
108.2 
115.4 
115.2 
138.7 
145.9 
140.8 
212.9 
161.3 
204.1 
13.2 
152.8 
146.7 
85.9 
80.0 
153.4 


224.2 
197.1 
115.6 
30.8 
84.7 
87.2 
109.5 
164.8 
148.0 
76.1 
19.0 


85-100 
grade 


-2.6 
-1.9 
-1.9 

-2.8 
8.2 
79.1 
190.1 
63.8 
211.2 
207.1 
185.3 
178.5 
67.7 
54.2 
50.6 
68.6 
96.6 
154.7 
114.3 
129.6 
116.4 
125. 8 
-6.4 
94.9 
102.6 
74.8 
82.8 
51.5 
9.2 
85.1 
113.5 
93.5 
11.1 
35.7 
64.3 
73.5 
95.0 
94.9 
39.6 
-9.6 


'Penetrations  at  various  temperatures  as  follows: 
32°  F.,  200  gm.,  60  sec. 
39.2°  F.,  200  gm.,  60  sec. 
77°  F.,  100  gm.,  5  sec. 
100°  F.,  100  gm.,  5  sec. 
115°  F.,  50  gm.,  5  sec. 


>  All  85-100  penetration  asphalts  too  soft  for  penetration  at  115°  F.  in  standard 
container. 

»  Penetration-temperature  susceptibility  factor. 
4  Material  too  soft  for  penetration  at  115°  F. 


Susceptibility  factor = 

penetration  115°  F.,  50  gm.,  5  sec  — penetration  32°  F.,  200  gm., 

60  sec. 

penetration  77°  F.,  100  gm.,  5  sec. 
and  required  that  it  should  not  be  more  than  4.2  for 


asphalts  of  40-70  penetration.  The  use  of  this  factor 
for  asphalts  of  normal  construction  grade  is  limited  by 
the  fact  that  the  material  may  be  too  soft  for  a  pene- 
tration test  at  the  temperature  of  115°  F.  As  indicated 
in  table  11,  all  of  the  85-100  penetration  asphalts  were 
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spectively.     The  P  T  S  value  is  then  used  in  calcu- 
lating the  penetration  index  by  the  equation 


too  soft  for  a  penetration  test  at  this  temperature,  while 
of  the  50-60  asphalts,  only  27  of  the  39  materials  could 
be  tested.  Of  these  27  samples,  there  were  15  that 
would  not  meet  the  requirement  for  a  maximum  sus- 
ceptibility factor  of  4.2.  The  other  50-60  penetration 
materials,  too  soft  for  penetration  at  1 15°  F.,  would  also 
fail,  so  that  a  total  of  only  12  out  of  the  39  asphalts 
tested  would  meet  the  requirement. 

Two  other  susceptibility  factors  have  been  suggested 
that  are  based  on  the  following  relationships: 

o    -rp  _  penetration  77°  F.,  100  gm.,  5  sec. 
a.— b.  * -  —  penetration  32°  F.,  200  gm.,  60  sec. 


,       o    -pi  __ penetration  100°  F.,  100  gm., 
'  penetration  77°  F.,  100  gm.,  I 


5  sec. 
5  sec. 


Limits  for  these  factors  have  not  been  proposed  for 
specification  requirements,  and  the  values  in  table  11 
are  shown  for  comparative  purposes  only. 

However,  one  State  has  recently  adopted  a  suscepti- 
bility factor  based  on  the  ratio  of  the  penetration  at 
39.2°  F.,  200  grams,  60  seconds  to  the  penetration  at 
77°  F.,  100  grams,  5  seconds.  The  requirement  states 
that  the  penetration  at  39.2°  F.  must  be  greater  than  30 
percent  of  the  penetration  at  77°  F.  For  the  50-60 
grade,  this  limit  would  cause  the  rejection  of  four  out 
of  five  California  asphalts.  For  the  85-100  grade,  four 
out  of  five  California  asphalts  together  with  four  as- 
phalts from  Oklahoma  and  one  from  Texas  would  also 
fail  to  meet  this  requirement. 

Penetration-temperature  relationship. — The  results  of 
the  penetration  tests  made  under  a  load  of  100  grams 
for  5  seconds  at  temperature  intervals  of  9°  F.  (5°  C.) 
from  a  minimum  temperature  of  32°  F.  to  a  maximum 
of  104°  F.  for  the  50-60  asphalts  and  to  a  maximum  of 
95°  F.  for  the  85-100  asphalts,  are  shown  in  table  10. 
These  tests  were  made  in  the  standard  3-ounce  con- 
tainer and  the  depth  did  not  permit  higher  test  tempera- 
tures to  be  used.  Some  materials  of  the  50-60  grade 
were  too  soft  to  obtain  a  penetration  even  at  the  tem- 
perature of  104°  F. 

It  was  found  that  when  the  values  are  plotted  to  scale 
there  is  a  straight-line  relation  between  the  tempera- 
ture of  test  and  the  logarithm  of  the  corresponding 
penetration.  A  few  typical  examples  of  this  relation 
are  shown  in  figure  4. 

Penetration  index. — J.  Ph.  Pfeiffer  and  P.  M.  Van 
Doormal 2  3  have  described  a  method  of  classifying 
asphalts  by  means  of  a  "penetration  index."  In  cal- 
culating this  penetration  index,  the  assumption  is  made 
that  the  penetration  at  the  softening  point  is  800  for  all 
asphalts.  This  value  is  used  in  an  equation  for  calcu- 
lating the  penetration-temperature  susceptibility  factor 
as  follows: 

p  T  0_ log  800 -logy 

where  P  T  S=  penetration-temperature  susceptibility 
factor 

p=penetration  at  77°  F.,  100  gm.,  5  sec. 
f=softening  point,  °F. 

This  equation  is  the  slope  of  the  log-penetration-temper- 
ature line  for  the  assumed  penetration  value  of  800  and 
penetration,  p,  at  the  temperatures  t  and  77°  F.  re- 

1  Journal  Institute  Petroleum  Technologists  1936,  22, 414. 

»  Classifying  Asphalts  by  Means  of  Penetration  Index.    Reprint  from  National 
Petroleum  News.    Refining  Technology.    February  1938. 
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Values  of  the  penetration-temperature  susceptibility 
factor  (P  T  S)  and  penetration  index  calculated  in  this 
manner  are  given  in  table  11. 

For  a  given  penetration  at  77°  F.  the  softening  point 
is  the  only  variable  in  the  equation  for  the  value  of  the 
P  T  S,  as  determined  by  Pfeiffer  and  Van  Doormal,  and 
thus,  for  asphalts  of  the  same  penetration,  the  value  of 
the  penetration  index  is  dependent  only  on  the  softening 
point. 

Since  the  log-penetration-temperature  curves  of  the 
50-60  and  85-100  penetration  asphalts  had  been  made, 
the  penetration  at  the  temperature  of  the  softening 
point  of  each  material  could  be  found  by  extending  the 
straight  line  up  to  a  temperature  equal  to  the  softening 
point,  as  shown  in  figure  4.  It  was  found  that  these 
values  ranged  from  approximately  540  to  1,060  for  the 
50-60  grade  and  from  approximately  620  to  1,300  for 
the  85-100  grade.  The  calculated  values  for  the  pene- 
tration at  the  temperature  of  the  softening  point  were 
partially  checked  for  the  85-100  penetration  asphalts 
by  determining  the  penetration  of  samples  14,  19,  and 
39,  at  115°  F.  In  determining  these  values,  a  special 
needle  6  inches  long  but  otherwise  conforming  to  the 
specification  of  the  standard  needle  was  used.  Large 
samples  of  the  selected  asphalts  were  carefully  prepared 
and  held  in  the  water  bath  at  115°  F.  until  the  ther- 
mometer immersed  at  the  center  of  the  sample  came  to 
test  temperature  The  values  obtained  are  shown 
in  figure  5. 

Since  the  log-penetration-temperature  curves  of  the 
50-60  and  85-100  penetration  asphalts  assume  the 
form  of  straight  lines,  a  true  indication  of  their  sus- 
ceptibility to  change  of  temperature  is  found  in  the 
slope  of  the  lines.  The  slope  can  be  calculated  as 
follows: 

h     'i 

where  p2  and  px  are  penetrations  at  the  two  tempera- 
tures t2  and  tu  respectively.  The  slope  can  be  calcu- 
lated readily  from  the  penetration-temperature  curves 
by  finding  the  temperatures  of  the  asphalt  at  penetra- 
tions of  10  and  100.     Then 


Slope : 


log  100— log  10_2-1_      1 


t2     t\ 


t2     t\     t2     1 1 


Where  t2— temperature,  °F.,  corresponding  to  a  pene- 
tration of  100 
ti  =  temperature,  °F.,  corresponding  to  a  pene- 
tration of  10. 

The  values  of  the  slope  for  the  50-60  and  85-100 

penetration  asphalts  are  given  in  table  1 1 . 

MAJORITY  OF  SAMPLES  FAILED  TO  MEET  FLUIDITY  FACTOR 
REQUIREMENTS 

With  these  values  of  slope,  which  are  also  the  true 
values  of  the  penetration-temperature  susceptibility 
factor,  the  exact  values  of  the  penetration  index  can  be 
calculated.  In  general,  the  exact  penetration  index 
values,  also  given  in  table  1 1 ,  show  a  wider  range  than 
those  calculated  on  the  basis  of  an  assumed  penetration 
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Figure   4. 


-Penetration-Temperature    Curves    for   50-60 
Penetration  Asphalts. 

of  800  at  the  softening  point  temperature.  Although 
the  penetration  indexes  using  the  true  values  for  the 
penetration-temperature  susceptibility  factor  provide 
sharper  differentiation  among  the  asphalts  used  in  this 
report,  it  is  believed  that  the  penetration-temperature 
susceptibility  as  determined  by  the  slope  of  the  log- 
penetration-temperature  curve,  is  a  true  measure  of 
susceptibility.  The  penetration  index,  whether  based 
on  the  assumption  of  Pfeiffer  and  Van  Doormal  or  on 
the  true  value  of  the  penetration-temperature  sus- 
ceptibility factor,  is  an  empirical  equation  that  distorts 
the  results  and  is  not  a  true  measure  of  susceptibility. 

Fluidity  factor:  According  to  Joseph  Zapata,4  the 
fluidity  factor  was  first  proposed  as  a  means  for  identi- 
fying the  source  of  the  crude  from  which  the  asphaltic 
material  was  refined.  Early  investigators  found  that 
asphalt  cements  from  various  sources  were  represented 
by  typical  viscosity  temperature  curves  and  that  the 
maximum  deviation  in  viscosity  for  these  curves  oc- 
curred at  135°  C.  (275°  F.).     With  this  as  a  basis  the 

p 
penetration  at  77°  F.  and  the  factor  jttt:  were  introduced 

to  give  an  empirical  formula: 

Fluidity  factor  =  (V-P)X^q 

where  V=  Furol  viscosity  at  135°  C.  (275°  F.) 
P=penetration  at  25°  C.  (77°  F.). 
Tests  limits  for  fluidity  factor  when  inserted  in  spec- 
ifications may  be  considered,  therefore,  a  means  of  con- 
trolling the  source  of  an  asphalt  by  its  susceptibility  to 
change  in  temperature.  While  the  Furol  viscosity  of 
the  asphalt  at  high  temperatures  may  be  of  value  for 
governing  the  temperatures  of  the  mixing  operation,  a 
susceptibility  factor  based  on  the  viscosity  at  this  high 
temperature  might  not  give  an  adequate  indication 
of  the  change  in  consistency  of  the  material  over  the 
temperature  range  of  the  pavement  in  service.  Fur- 
thermore, as  indicated  by  Zapata  6  in  1937,  the  initial 
purpose  oi  the  test  can  be  voided  by  blending  and  blow- 

4  The  Fluidity  Factor  Test,  Proceedings  Association  of  Asphalt  Paving  Technolo- 
gists.    January  30,  1935. 

» A  Study  of  Bituminous  Material  Weathering  Tests.  Proceedings  Association  of 
Asphalt  Paving  Technologists,  January  1937. 
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Figure  5. — Penetration-Temperature  Curves  Showing  the 
Actual  Penetration  at  the  Temperature  of  the  Sof- 
tening Point;  85-100  Penetration  Asphalts. 

ing  oils  to  meet  the  established  limits  for  fluidity  factors. 

Furol  viscosities  of  all  the  50-60  and  85-100  asphalts 
at  275°  F.  were  determined  and  the  fluidity  factors  cal- 
culated. The  Furol  viscosities  are  given  in  table  10 
and  the  fluidity  factors  in  table  11. 

A  minimum  limit  of  140  for  the  fluidity  factor  has 
been  included  in  certain  specifications  for  asphalt 
cements  having  penetrations  between  40  and  100. 
Of  the  50-60  penetration  grade,  22  asphalts  out  of 
39  failed  to  meet  this  requirement.  Those  having 
fluidity  factors  below  140  include  all  of  the  California 
asphalts,  one  Mexican  asphalt,  the  Colombian  asphalt, 
5  out  of  6  Venezuelan  asphalts,  3  of  the  6  Oklahoma 
asphalts,  and  the  Kansas,  Texas,  and  Kentucky  as- 
phalts. Those  asphalts  having  fluidity  factors  greater 
than  140  are  the  other  Mexican,  the  Mexican  and 
domestic  blends,  Arkansas,  and  a  few  other  Mid- 
continent  asphalts.  There  were  34  out  of  40  samples 
of  the  85-100  penetration  grade  that  did  not  meet 
this  minimum  requirement  of  140.  Those  meeting 
the  requirement  were  5  of  the  6  Mexican  asphalts  and 
1  of  the  6  Venezuelan  asphalts. 

It  is  apparent,  because  of  the  large  number  of  asphalts 
of  the  85-100  grade  that  were  lower  than  the  specified 
minimum  requirement,  that  the  fluidity  factor  is  ma- 
terially affected  by  the  consistency  of  the  material 
even  within  the  penetration  limits  of  40  to  100.  In 
order  to  determine  the  effect  of  penetration  on  the 
fluidity  factor,  a  set  of  Mexican  asphalts  received  from 
producer  10  and  a  set  of  Texas  asphalts  received  from 
producer  27  were  tested  for  penetration  at  77°  F.  and 
Furol  viscosity  at  275°  F.  and  the  fluidity  factors  were 
determined.  These  values  are  shown  graphically  in 
figure  6.  The  fluidity  factors  for  the  Mexican  asphalts 
were  fairly  constant  between  the  40-100  penetration 
range  and  then  the  values  decreased  rapidly.  Although 
the  fluidity  factors  of  all  the  Texas  asphalts  were  below 
140,  there  is  a  relatively  wide  range  in  these  values 
between  the  penetration  limits  of  40  to  100. 
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Figure  6. — Relations  Between  Penetration  and  Fluidity- 
Factor  and  Between  Penetration  and  Float-Test  Index 
of  Asphalts  of  Different  Penetrations  From  the  Same 
Sources. 

fluidity  factor   and   float   test   requirements   highly 
restrictive 

Float  test  index. — The  values  for  the  float  test,  shown 
in  table  10,  were  used  to  determine  the  float  test  index 
of  the  asphalts  of  both  grades  and  the  results  are  shown 
in  table  11.  The  float  test  index  is  determined  by  the 
following  formula: 


Float  test  index=VFxF 

where  F=  Float  test  at  176°  F.  (80°  C.)  in  seconds. 

P=Penetration  at  77°  F.  (25°  C.)  100  grams,  5 
seconds. 

This  index  is  used,  like  the  fluidity  factor,  in  an  attempt 
to  measure  the  susceptibility  of  an  asphalt  to  change 
in  temperature.  Certain  specifications  have  required 
that  the  float  test  index  shall  not  be  less  than  90. 
This  requirement  applies  to  asphalts  of  40-70  penetra- 
tion but  the  indexes  for  the  asphalts  of  both  grades 
used  in  this  study  have  been  calculated  for  comparative 
purposes. 

As  shown  in  table  11  there  were  24  asphalts  of  the 
50-60 grade  thatdid  not  meet  the  float  test  indexrequire- 
ment  of  90  plus.  All  but  8  of  the  24  asphalts  were  the 
same  as  those  failing  to  meet  a  minimum  fluidity  factor 
of  140.  Five  of  the  twenty-four  failing  to  pass  the 
float  test  index  requirement,  however,  did  pass  the 
fluidity  factor  requirement.  In  contrast  to  the  fluidity 
factor,  which  is  more  restrictive  for  the  softer  grades  of 
asphalts,  a  float  test  index  of  90  is  more  favorable  to 
the  asphalts  of  higher  penetration,  since  only  one  85-100 
penetration  asphalt  failed  to  meet  the  requirement. 
This,  however,  might  be  expected  since  the  limit  of  90 
was  specified  for  asphalts  of  40-70  penetration  only. 
This  is  further  indicated  by  the  float  test  index  values 


for  the  same  series  of  Mexican  and  Texas  asphalts 
referred  to  in  the  discussion  of  the  fluidity  factor. 
These  values  are  shown  also  in  figure  6.  For  each  series 
of  asphalts,  the  difference  in  float  test  index  for  materials 
of  40  penetration  and  materials  of  100  penetration  was 
approximately  20.  Although  all  the  Mexican  asphalts 
had  float  test  indexes  greater  than  90,  the  grades  of  Texas 
asphalts  harder  than  70  penetration  failed  to  meet  this 
requirement. 

The  various  susceptibility  factors,  including  the 
penetration  index  as  determined  by  Pfeiffer  and  Van 
Doormai,  as  given  in  table  11,  except  the  one  involving 
penetration  at  115°  F.,  have  been  plotted  in  figures  7 
and  8.  In  these  figures,  the  slope  of  the  log-penetra- 
tion-temperature curve,  which  is  a  true  index  of  sus- 
ceptiDility,  has  been  plotted  against  the  other  suscepti- 
bility factors.  It  is  apparent  from  these  charts  that 
none  of  the  empirical  factors  is  more  than  an  approxi- 
mate measure  of  susceptibility. 

While  these  various  susceptibility  factors  might  be 
used  to  advantage  in  controlling  the  uniformity  of 
supply  for  particular  jobs,  a  study  of  table  11  will 
indicate  that  they  can  be  used  for  the  identification  of 
sources  of  the  base  petroleums.  In  many  cases  by 
special  processing,  which  may  be  injurious  to  some 
asphalts,  materials  could  undoubtedly  be  produced  to 
meet  any  of  the  requirements  that  have  been  proposed 
for  these  different  factors.  However,  since  materials 
representing  the  most  susceptible  asphalts  in  this 
investigation  have  had  satisfactory  service  behavior 
under  climatic  conditions  as  adverse  as  those  to  which 
the  less  susceptible  materials  have  been  exposed,  it  is 
felt  that  a  designated  limit  for  a  susceptibility  factor 
that  restricts  the  use  of  such  materials  is  not  a  rational 
requirement. 

With  the  few  exceptions  already  mentioned,  all  of 
the  asphalts  had  much  higher  ductilities  than  were 
required  by  the  standard  specifications.  However, 
the  ductility  test,  as  made  under  normal  testing  condi- 
tions, furnishes  little  comparative  information  on  the 
ductile  characteristics  of  different  asphalts. 

In  order  to  make  a  more  comprehensive  study  of  the 
ductility  test,  a  special  ductility  machine  was  designed 
and  built.  The  bath  has  approximately  twice  the 
length  of  the  ordinary  bath,  and  the  temperature  of  the 
bath  at  both  high  and  low  temperatures  can  be  con- 
trolled adequately.  A  wide  range  in  the  speed  of  pull 
has  been  provided.  In  this  machine  five  tests  may  be 
made  at  the  same  time  and  ductilities  up  to  250  centi- 
meters may  be  measured.  The  design  is  such  that 
there  is  little  shock  in  starting  and  a  uniform  speed  may 
be  maintained  during  the  test. 

DUCTILITIES  OF  ASPHALTS  DETERMINED  FOR  SEVERAL 
TEMPERATURES 

In  making  the  ductility  tests  in  this  investigation, 
A.S.T.M.  Method  Dl  13-35  was  followed,  and  the 
precautions  as  to  time  of  cooling,  and  the  minimum  and 
maximum  times  at  test  temperatures  were  carefully 
observed.  At  test  temperatures  of  59°  F.  and  higher, 
it  was  necessary  to  control  the  gravity  of  the  bath 
within  0.005  of  the  specific  gravity  of  the  asphalt  in 
order  to  keep  the  thread  of  asphalt  in  a  horizontal  plane. 
The  lower  test  temperatures  were  maintained  by  ice, 
and  at  32°  F.  both  ice  and  salt  were  used.  The  large 
capacity  of  the  bath  made  it  possible  to  control  its 
temperature  within  ±0.9°  F.  at  the  test  temperatures 
of  32°,  39.2°,  and  41°  F.  without  disturbing  the  thread 
of  asphalt  by  any  movement  of  the  ice. 
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From  the  time  that  the  ductility  test  was  first  sug- 
gested as  a  control  test  for  asphalt  cements,  arguments 
have  been  advanced  for  and  against  the  adequacy  and 
value  of  the  test.  Even  after  requirements  for  ductility 
had  been  generally  adopted  for  specification  purposes, 
the  differences  of  opinion  continued  and,  although  a 
test  method  was  first  proposed  by  the  A.  S.  T.  M.  in 
1921,  it  was  not  finally  adopted  as  a  standard  until  1935. 

For  many  years,  the  test  has  been  made  at  77°  F. 
with  a  rate  of  pull  of  5  centimeters  per  minute,  although 
in  recent  years  other  temperatures  have  been  used. 
In  this  study  all  the  asphalts  were  tested  at  a  standard 
temperature  of  77°  F.,  and  at  the  low  temperatures 
which  have  been  most  frequently  proposed,  32°  and 
39.2°  F.  At  39.2°  F.  three  rates  of  pull  were  used  and 
two  rates  of  pull  at  32°  F.  The  results  are  shown  in 
table  12. 

In  order  to  determine  the  effect  of  temperature  and 
rate  of  pull  on  ductility,  14  materials  of  the  50-60 
grade  were  selected  for  special  study.  These  asphalts, 
where  possible,  were  materials  of  high  and  low  duc- 
tility at  77°  F.  from  each  of  the  sources.  The  values 
for  the  ductility  of  these  selected  asphalts  are  given  in 
table  13,  and  the  data  are  shown  graphically  in  figures 
9  and  10. 

^Figure  9  shows  the  effect  of  temperature  on  the 
ductility  when  the  rate  of  pull  is  5  centimeters  a  minute. 
Figure  10  shows  the  same  data  except  that  the  pene- 
tration of  the  asphalt  at  the  test  temperature  lias  been 


plotted  against  the  ductility  of  the  asphalt  at  the  same 
temperature. 

Figure  9  shows  that  there  is  a  definite  temperature 
at  which  all  the  asphalts  had  a  maximum  ductility. 
Although  this  is  indeterminable  for  several  of  the 
materials  because  their  ductility  exceeded  250  centi- 
meters, in  general  it  ranges  from  approximately  68°  F. 
for  sample  2  to  over  95°  F.  for  samples  16,  20,  and  33. 
Sample  2  showed  the  most  rapid  change  in  ductility 
with  increase  in  temperature.  This  material  had  no 
measurable  ductility  at  41°  F.,  19  centimeters  at  50°  F., 
and  250  centimeters  plus  at  59°  F.  At  77°  F.,  it  still 
had  a  ductility  of  250  centimeters  plus.  The  other 
asphalts,  except  samples  8,  16,  20,  and  33,  had  a  rela- 
tively low  ductility  up  to  59°  F.  and  then  the  ductility 
increased  rapidly  between  59°  F.  and  77°  F.  Asphalts 
8,  16,  20,  and  33  had  a  more  gradual  increase  in  duc- 
tility with  rise  in  test  temperature  up  to  95°  F.  With 
the  exception  of  samples  8,  16,  20,  and  33,  the  curves 
indicate  that  at  temperatures  higher  than  95°  F.  the 
ductilities  of  all  the  asphalts  decreased  rapidly. 

As  shown  in  figure  10,  the  susceptibility  of  the  indi- 
vidual asphalts  to  changes  in  temperature  tended  to 
alter  somewhat  the  shape  of  the  curves.  It  will  be 
seen  that  sample  2  retained  a  very  high  ductility  at  a 
penetration  much  lower  than  any  of  the  other  asphalts. 
From  a  penetration  of  16  to  a  penetration  of  200  this 
material  had  a  ductility  of  more  than  100  centimeters. 
With  a  decrease  in  penetration  below  16,  however,  this 
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material  showed  an  abrupt  loss  in  ductility.  These 
curves  indicate  that  while  asphalts  may  have  identical 
ductilities  when  tested  at  one  consistency,  they  may 
differ  widely  when  tested  at  another  consistency.  The 
curves  show  that  both  the  source  and  the  processing 
have  a  pronounced  influence  on  the  ductility  character- 
istics of  the  asphalt. 

DUCTILITIES    OF    ASPHALTS    AT    LOW    TEMPERATURES    GREATLY 
INFLUENCED  BY  RATE  OF  PULL 

The  data  shown  in  table  14  and  plotted  in  figure  11 
indicate  that  the  ductility  test  can  be  used  to  identify 
the  source  of  the  base  material  and  the  uniformity  of 
the  refining  process.  An  entire  set  of  Mexican  asphalts, 
of  which  the  50-60  and  85-100  penetration  asphalts 
identified  as  sample  10  were  a  part,  was  tested  for  pene- 
tration and  ductility  at  various  test  temperatures. 
The  penetrations  of  the  asphalts  at  the  temperature  of 
the  ductility  tests  were  measured  at  59°,  77°,  and  95°  F., 
and  values  at  50°,  68°,  and  86°  F.  were  taken  from 
the  temperature-penetration  curves.  The  slope  of 
these  penetration-temperature  curves  was  the  same  for 
all  the  grades.  The  data  and  the  curve  show  that  the 
ductilities  of  the  asphalts  in  this  set  were  essentially  the 
same  when  the  penetrations  of  the  materials  at  their 
respective  test  temperatures  were  the  same.  This  fig- 
ure further  shows  that  ductility  is  dependent  upon  the 
consistency  of  the  material  at  the  test  temperature. 


In  order  to  determine  the  effect  of  the  rate  of  pull  on 
the  ductility  of  asphalts,  a  study  was  made  of  the 
fourteen  50-60  penetration  asphalts  previously  men- 
tioned. Preliminary  tests  indicated  that  a  test  temper- 
ature somewhat  lower  than  77°  F.  would  provide  a 
much  better  comparison,  and  the  temperature  of  59° 
F.  accordingly  was  selected.  The  rates  of  pull  were  10, 
7.5,  5,  2.5,  and  1  centimeters  per  minute.  The  data 
are  given  in  table  13  and  the  results  obtained  on  the 
individual  materials  are  plotted  hi  figure  12.  Sample 
2  had  ductilities  greater  than  250  centimeters  for  all 
rates  of  pull.  Asphalts  8,  16,  20,  and  33,  all  of  which 
had  ductilities  under  70  centimeters  in  the  standard 
test  at  77°  F.  showed  relatively  small  increases  in 
ductility  as  the  rate  of  pull  was  decreased.  All  of  the 
other  samples  had  appreciably  higher  ductilities  at  rates 
of  pull  of  2.5  and  1  centimeters.  Sample  14  showed 
the  greatest  increase  in  ductility  at  5  centimeters  over 
that  at  10  centimeters,  and  at  a  rate  of  2.5  centimeters 
this  material  had  the  highest  ductility  of  all  samples 
except  sample  2. 

The  tests  made  on  these  asphalts,  to  show  the  effect 
of  temperature  and  rate  of  pull  on  their  ductility, 
indicate  that  there  were  inherent  differences  in  these 
materials  that  were  not  made  evident  by  the  routine 
tests  for  ductility.  Whether  the  ductility  tests  made 
under  various  temperature  conditions  and  at  different 
rates  of  pull  are  of  any  practical  significance  it  is  impos- 
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Figure  11. — Relation  Between  Penetration  and  Ductility  of  Various  Grades  of  Mexican  Asphalt  Tested  at  Various 

Temperatures. 


Table  12. — Ductility  and  toughness  tests  on  the  50-60  and  85-100  penetration  asphalts 


Identification  No. 


Ductility 


50-60  grade 


At  77°  F. 


5  cm.  per 
minute 


At  39.2°  F. 


5  cm.  per 
minute 


1  cm.  per 
minute 


H  cm.  per 
minute 


At  32°  F. 


1  cm.  per 
minute 


H  cm.  per 
minute 


85-100  grade 


At77°F. 


5  cm.  per 
minute 


At  39.2°  F. 


5  cm.  per 
minute 


1  cm.  per 
minute 


H  cm.  per 
minute 


At  32°  F. 


1  cm.  per 
minute 


H  cm.  per 
minute 


Toughness  test  at 
32°  F. 


50-60 
grade 


85-100 
grade 


1„ 
2.. 
3.. 

4.. 

5... 

6... 

7.. 

8... 

9.. 

10. 

11. 

12. 

13. 

14. 

15. 

16. 

17. 

18. 

19. 

20. 

21. 

22. 

23. 

24. 

25. 

26. 

27. 

28. 

29. 

30. 

31. 

32. 

33. 

34 

35. 

36. 

37. 

38. 

39. 

40. 


Cm. 
250+ 
250+ 
250+ 
250+ 
250+ 
250+ 
197 

68 
218 
215 
180 
250+ 
140 
250+ 
181 

57 
250+ 
250+ 
220 

36 
232 

96 
202 

84 
116 

78 
226 
244 


Cm. 

'0 

'0 

'0 

10 

'0 

'0 

'  1.0 
3.5 

'1.0 

•  1.0 
1.5 
'.5 
3.7 

'0 

>  1.0 
3.7 
1.5 
4.0 

■0 
3.6 
3.8 
3.7 

10 
2.8 
3.3 
3.2 
3.8 

10 


Cm. 
8.3 
7.6 
8.5 
9.5 
:0 
4.8 
7.9 
4.4 
6.5 
6.9 
5.9 
6.3 
4.9 
5.5 
5.6 
4.5 
5.9 
5.5 
4.8 
4.0 
4.9 
4.8 
3.1 
4.1 
5.3 
4.3 
4.6 
4.8 


Cm. 

160+ 

160+ 

160+ 

160+ 

26.0 

8.5 

27.5 

6.5 

14.5 

18.8 

10.5 

16.0 

6.5 

11.5 

10.5 

6.8 

10.0 

10.0 

8.8 

6.0 

7.5 

6.8 

5.0 

5.3 

8.S 

6.3 

6.5 

7.5 


170 

41 
168 

27 
112 
219 
190 
137 
120 
121 
250+ 


10 
3.2 
».8 
1.8 

10 
4.1 
3.7 
3.7 
4.0 

•0 

'0 


4.3 
4.0 
4.3 
2.6 
4.5 
5.3 
5.3 
5.0 
6.1 
»1.5 
4.5 


6.3 
5.8 
6.3 
4.8 
7.0 
8.8 
7.8 
7.3 
7.3 
>2.0 
9.5 


Cm. 

10 

■0 

•0 

'0 

10 
».5 
4.9 
2.8 
4.0 
4.5 
3.6 
3.0 
3.3 
».3 
3.8 

>2.  5 

•1.0 
3.9 
».5 
3.1 
4.0 
3.8 
».5 

•  2.0 
3.5 
3.3 
>.8 
'.8 


3.0 
1.3 

'1.3 
».3 
3.4 
3.8 
3.8 
3.3 
4.0 

»0 
•.6 


Cm. 

■0.3 
i.3 

■0 

■0 

10 
4.4 
7.1 
3.3 
6.5 
6.5 
4.8 
6.8 
4.8 
4.8 
5.0 
4.3 
5.5 
5.3 
'.3 
3.9 
4.5 
4.5 
'.5 
3.4 
4.3 
3.9 
4.0 

»2.9 


3.8 
4.5 
3.4 

•1.0 
4.0 
4.6 
4.5 
4.3 
6.1 

<0 

'2.0 


Cm. 
223 
193 
204 
227 
197 
185 
220 
102 
230 
192 
209 
242 
192 
192 
187 
107 
191 
196 
179 
139 
178 
211 
223 
162 
152 
172 
164 
184 
200 
163 
101 
173 
125 
170 
186 
115 
193 
120 
141 
250+ 


Cm. 

10 

>0 

•0 

10 

'0 
5.5 
9.7 
4.5 
9.0 
7.2 
9.0 
8.0 
6.5 
5.2 
6.0 
7.0 
6.0 
6.0 
5.2 
5.0 
5.2 
5.5 
1.8 


5.3 
4.6 

•1.0 

•1.0 
■..2 
5.0 
5.4 
4.0 
3.5 
6.0 
4.5 
4.3 
5.8 
5.7 

'0 

'0 


Cm. 

160.0 

188.0 

170.0 

130.0 

15.5 

13.3 

47.5 

7.8 

35.0 

37.0 

20.8 

56.0 

15.8 

20.3 

19.5 

14.8 

29.3 

15.3 

11.0 

7.0 

12.8 

13.3 

7.8 

5.3 

10.5 

10.0 

12.8 

18.0 

9.5 

8.3 

7.5 

7.8 

5.8 

11.3 

10.8 

6.5 

9.8 

9.0 

7.0 

14.0 


Cm. 

250+ 

250+ 

250+ 

250+ 

215.0 

32.0 

100.0 

10.0 

123.0 

79.0 

76.0 

102.0 

22.0 

87.0 

95.0 

23.0 

119.0 

47.0 

33.5 

10.0 

20.5 

26.8 

12.8 

7.8 

18.5 

12.8 

29  0 

25.5 

17.3 

15.5 

10.3 

11.8 

7.6 

20.8 

19.8 

7.0 

16.0 

11.3 

13.6 

28.0 


Cm. 
'0.3 
1.3 
1.8 
1.3 
i.3 
5.0 
9.5 
4.5 
8.5 
9.0 
7.5 
9.5 
7.0 
6.0 
6.3 
6.8 
7.3 
6.5 
5.0 
5.0 
5.3 
6.3 
4.0 
3.8 
5.0 
4.5 
4.8 
5.0 
4.0 
4.8 
4.8 
4.0 
3.5 
5.5 
6.0 
4.5 
5.6 
5.5 
».3 
6.5 


Cm. 

250+ 

250+ 

250+ 

220.0 

8.5 

10.8 

24.5 

6.0 

32.0 

22.8 

17.0 

36.0 

13.8 

14.0 

18.0 

13.3 

22.0 

9.8 

8.5 

6.0 

10.8 

12.5 

6.3 

4.5 

8.3 

7.8 

9.6 

11.3 

6.3 

7.0 

7.0 

6.5 

5.3 

7.8 

9.8 

5.0 

9.0 

8.3 

5.8 

15.5 


Cm. 

5.0 

6.0 

6.0 

7.5 

7.5 

10.0 

15.0 

15.0 

12.5 

12.5 

10.0 

10.0 

20.0 

10.0 

12.5 

12.5 

10.0 

10.0 

10.0 

22.5 

7.5 

20.0 

10.0 

7.5 

7.5 

12.5 

12.6 

10.0 


15.0 
20.0 
10.0 
10.0 
20.0 
15.0 
15.0 
10.0 
15.0 
6  0 
10.0 


Cm. 


10.0 
12.5 
12.5 
12.5 
12.5 

7.5 
22.5 
35.0 
20.0 
12.5 
20.0 
12.5 
20.0 
10.0 
10.0 
15.0 
12.5 
12.5 

7.5 
17.6 
12.5 
15.0 
10.0 
10.0 

7.6 
10.0 
10.0 

5.0 

5.0 
10.0 
15.0 
10.0 
10.0 
10.0 
12.5 
10.0 
20.0 
22.5 
10.0 
15.0 


'  Test  specimen  broke  at  shoulder  of  mold. 


>  Test  specimen  broke  at  smallost  cross  section. 
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Figure  12. — Relation  Between  Ductility  and  Rate  of  Pull  of  Selected  Samples  of  50-60  Penetration   Asphalts  Tested 

at  59°  F.  (15°  C.) 


Table  13. — The  effect  of  varying  the  temperature  of  test  and  the 
rate  of  pull  on  the  ductility  of  selected  samples  of  50-60  pene- 
tration asphalt 


Ductility,  5  cm.  per  minute  ' 

Ductility  at  59°  F.i 

Sample 
No. 

At 

39.2° 

F. 

At 
41° 
F. 

At 
60° 
F. 

At 
59° 
F. 

At 
68° 
F. 

At 

77° 
F. 

At 
86° 
F. 

At 
95° 
F. 

10 
cm. 
per 
min- 
ute 

5 
cm. 
per 
min- 
ute 

2.5 
cm. 
per 
min- 
ute 

1 
cm. 
per 
min- 
ute 

2 

Cm. 
0 
0 

3.5 
0 
0 

3.7 
3.6 
3.8 
3.8 
0 
0 
0 
0 
0 

Cm. 

0 

0 

4.3 

6.3 

0 

4.5 

4.0 

4.0 

3.8 

0 

0 

3.0 

0 

0 

Cm. 
19.0 
6.4 
5.8 
7.8 
7.5 
6.5 
4.5 
6.0 
5.7 
6.3 
5.0 
4.0 
4.0 
6.0 

Cm. 
250+ 
16.0 

9.3 
32.0 
43.0 
11.0 

6.5 
12.3 

9.7 
14.0 
11.8 

7.8 

8.3 
15.0 

Cm. 
250+ 
118 

27 
178 
250+ 

20 

11 

79 

43 
130 

45 

16 

45 

88 

Cm. 
250+ 
250+ 

68 
218 
250+ 

57 

36 
232 
226 
244 
159 

27 
121 
250+ 

Cm. 

180 

219 

106 

248 

155 

102 

73 
178 
162 
250+ 
183 

90 
218 
240 

Cm. 
114 
161 
115 
208 
115 
117 
102 
143 
141 
217 
159 
143 
168 
138 

Cm. 
250+ 

15.0 
8.5 

19.0 

17.3 
8.6 
5.8 

10.8 
9.5 

13.4 
9.5 
7.0 
7.0 

10.5 

Cm. 
250+ 
16.0 
9.3 
32  0 
43.0 

u.o 

6.5 
12.3 

9.7 
14.0 
11.8 

7.8 

8.3 
15.0 

Cm. 
250+ 
100.0 
18.0 
80  0 
125.0 
14.0 
9.5 
24.0 
21.5 
32.0 
16.6 
9.0 
21.5 
25.6 

Cm. 

250+ 

6 

250+ 

8 

9 

28.0 
136.0 

14 

16 

20 

21 

27 

28 

32 

33 

39 

40 

200+ 
23  3 
11.5 
57.0 
48  0 
56  0 
25.0 
9.3 
98.0 
70.0 

'  Results  are  averages  of  2  or  more  tests. 

sible  to  say,  but  the  data  and  graphs  indicate  that  the 
test  as  made  under  the  usual  standard  conditions  is  not 
a  good  index  of  the  ductile  properties  of  the  individual 
asphalts. 

In  1927,  W.  F.  Smith,8  of  the  Oklahoma  State  High- 

•  Low  Temperature  Ductility  of  Filler  Grade  Asphalts.    A.  S.  T.  M.  Proceedings, 
vol.  27,  pt.  II.    1927. 


Table  14. — The  ductility-penetration  relationships  of  various 
grades  of  Mexican  asphalt  under  variable  temperature  test 
conditions 


Temperature  of  test 

50°  F. 

59°  F. 

68°  F. 

77°  F. 

86°  F. 

95°  F. 

Penetration  grade 

a 

□ 

a 

a 
o 

a 
o 

a 
o 

t>> 

S>> 

>. 

>> 

t>> 

>> 

a 

cs 

C3 

03 

03 

CS 

a 

^3 

.-3 

.£3 

« 

.£3 

zi 

.£3 

.•3 

£3 

a 

a 

3 

9 

a 

3 

o 

a 

o 

3 

a 

o 

3 

to 

a 

o 

3 

o 

a 

o 

3 

Ph 

« 

Ph 

a 

Ph 

« 

Ph 

M 

Ph 

M 

Ph 

(A 

Cm. 

Cm. 

Cm. 

Cm. 

Cm. 

Cm. 

20-30 

6 
10 
15 
17 
20 
24 
26 
36 
42 
48 

0 
6 

10 

21 

38 

64 

99 
193 
215 
250+ 

9 
16 
23 
26 
31 
37 
41 

5 

14 

87 
107 
154 
205 
?50+ 

15 
24 
35 
41 
47 
57 
64 
87 
102 
117 

11 

91 
178 
194 
245 
218 
250+ 
210 
192 
160 

23 
38 
55 
64 
74 
89 
100 
135 
160 
182 

75 
194 
215 
225 
197 
192 
197 
153 
135 
134 

36 
59 
85 
100 
115 
139 
155 
210 
250 
283 

195 
185 
190 
193 
147 
145 
134 
119 
104 
95 

55 
90 
132 
155 
179 
218 
240 
330 
390 
442 

192 

30-40 

170 

50-60 

150 

60-70 

142 

70-80 

126 

85-100... 

126 

100-120 

101 

120-150 

56  210 
65]  233 

75  217 

85 

150-180,. 

76 

180-200- 

62 

1  Penetrations  taken  from  log-penetration-temperature  curves. 

way  Commission,  proposed  that  the  ductility  test  be 
made  on  filler-grade  asphalts  to  eliminate  materials 
that  were  extremely  brittle  at  low  temperatures.  He 
suggested  that  the  test  be  made  at  a  rate  of  pull  of  5 
centimeters  per  minute  at  a  temperature  of  32°  F. 
Under  these  conditions,  however,  many  of  the  test 
specimens  were  broken  at  the  start  of  the  test.     For 
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many  years  the  California  Division  of  Highways  speci- 
fied a  ductility  test  on  95+  road  oil  to  be  made  at  34°- 
35°  F.  and  at  a  rate  of  pull  of  5  centimeters  per  minute. 
No  difficulty  in  testing  was  experienced  with  this  type 
of  material  since  it  was  relatively  soft  at  the  test 
temperature.  Tests  at  34°-35°  F.  and  at  the  rate  of 
5  centimeters  a  minute  were  made  for  many  years  on 
asphaltic  residues  of  80  and  100  penetration,  but 
slightly  lower  penetrations  of  the  residues  at  77°  F. 
often  resulted  in  the  breaking  rather  than  in  the  elonga- 
tion of  the  specimens. 

Ij  In  more  recent  years,  the  rate  of  pull  of  5  centimeters 
per  minute  and  temperature  of  test  of  32°  F.  have  been 
suggested  for  testing  asphalt  cements,  but  the  failure 
of  such  a  large  number  of  materials  to  pull  without 
snapping  has  resulted  in  increasing  the  temperature 
slightly,  in  decreasing  the  rate  of  pull,  and  in  some  cases 
doing  both.  The  decrease  in  the  rate  of  pull  is  intended 
to  reduce  the  initial  shock  to  which  the  specimens  are 
subjected  when  the  test  is  started. 

Tests  made  at  39.2°  F.,  5  centimeters  a  minute,  to 
meet  the  specification  limit  for  ductility  of  one-tenth 
the  penetration  minus  1  or  one-tenth  the  penetration 
have  been  criticised  by  W.  H.  Flood  7  because  of  the 
small  range  in  values  obtained,  the  assumed  relation- 
ship between  ductility  and  penetration,  and  the  dif- 
ficulty of  maintaining  a  constant  temperature  during 
the  test.  He  has  suggested  that  a  ductility  test  at  60° 
F.  at  a  rate  of  pull  of  5  centimeters  a  minute  would  be 
preferable  to  the  low  temperature  test  or  to  the  normal 
test  at  77°  F.  which,  in  most  cases,  gives  high  ductilities 
of  little  values  for  comparative  purposes.  However, 
the  data  given  in  table  13,  and  shown  in  figures  9  and 
10,  indicate  that  there  would  be  considerable  difficulty 
in  designating  an  intermediate  temperature  and  specify- 
ing test  limits  that  would  be  adequate  for  evaluating  the 
essential  characteristics  of  asphalts  intended  for  various 
uses. 

Ductility  at  low  temperatwes. — All  of  the  asphalts 
were  tested  for  ductility  at  39.2°  F.  with  rates  of  pull 
of  5,  1,  and  %  centimeter  per  minute.  Tests  were  also 
made  at  32°  F.  with  rates  of  pull  of  1,  and  ){  centimeter 
per  minute.  The  results  of  these  tests  are  given  in 
table  12. 

As  can  be  seen  from  this  table,  a  ductility  requirement 
at  39.2°  F.,  5  centimeters  per  minute,  of  one-tenth  the 
penetration  is  highly  restrictive.  None  of  the  asphalts 
of  the  50-60  grade  and  only  one  of  the  85-100  penetra- 
tion grade  would  meet  this  requirement.  A  require- 
ment of  one-tenth  the  penetration  minus  1  would  permit 
only  three  of  the  85-100  penetration  materials  to  pass 
and  none  of  the  50-60  asphalts. 

Although  a  speed  of  1  centimeter  per  minute  has  had 
little  use  as  a  specification  requirement  for  ductility 
tests  made  at  39.2°  F.  or  32°  F.,  the  ductility  of  both 
grades  of  asphalt  at  this  rate  of  pull  and  at  these  two 
temperatures  are  reported  for  comparative  purposes. 
At  32°  F.  and  a  speed  of  1  centimeter  per  minute,  a 
requirement  of  one-tenth  the  penetration  at  77°  F. 
would  eliminate  all  asphalts  of  both  grades  and  a  re- 
quirement of  one-tenth  the  penetration  minus  1  would 
eliminate  all  but  one  50-60  and  three  85-100  penetra- 
tion asphalts.  At  39.2°  F.  and  a  speed  of  1  centimeter 
per  minute,  a  requirement  of  one-tenth  the  penetration 
at  77°  F.  would  eliminate  26  of  the  50-60  and  11  of  the 
85-100  grades,  and  for  a  requirement  of  one-tenth  the 


'  Ductility  at  Low  Temperatures.    Proceedings  of  the  Association  of  Asphalt 
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penetration   minus    1,    nine    50-60    and    eight   85-100 
asphalts  would  fail. 

DUCTILITIES  DEPENDENT  ON  BASE  PETROLEUM  AND  PROCESSING 

A  rate  of  pull  of  %  centimeter  per  minute  has  been 
used  at  temperatures  of  both  32°  and  39.2°  F.  Re- 
quirements of  one-tenth  the  penetration  at  77°  F.,  and 
one-tenth  the  penetration  minus  1  have  been  used 
where  32°  F.  has  been  designated  as  the  test  tempera- 
ture. For  the  test  temperature  of  39.2°  F.  a  ductility 
requirement  of  one-tenth  the  penetration  at  77°  F.  has 
been  used. 

Of  the  50-60  penetration  asphalts  tested  at  39.2°  F., 
){  centimeter  per  minute,  there  were  five  that  failed  to 
meet  the  requirement  of  one-tenth  the  penetration  at 
77°  F.  Four  of  these  were  within  1  centimeter  of  the 
required  ductility.  The  ductility  of  sample  39  was 
2.7  centimeters  below  its  required  minimum.  Of  the 
85-100  penetration  asphalts,  there  were  three  ma- 
terials that  failed  to  meet  this  requirement.  These 
were  samples  24,  33,  and  36  which  were  1.6,  0.8,  and 
2.2  centimeters,  respectively,  below  the  calculated 
minimum  requirements. 

When  the  ductility  is  determined  at  32°  F.,  ){  centi- 
meter per  minute,  a  specification  requirement  of  either 
one-tenth  the  penetration  at  77°  F.  or  one-tenth  the 
penetration  at  77°  F.  minus  1  becomes  highly  restric- 
tive. With  a  decrease  of  only  7.2°  F.  in  test  tempera- 
ture from  39.2°  to  32°  F.,  33  asphalts  of  the  50-60 
grade  failed  to  meet  a  requirement  of  one-tenth  the 
penetration  as  compared  to  only  5  that  failed  when 
tested  at  39.2°  F.  With  the  test  temperature  at  32°  F., 
22  failed  |to  meet  the  requirement  of  one-tenth  the  pene- 
tration minus  1.  This  lower  test  temperature  would 
cause  the  rejection  of  the  California  asphalts  which 
showed  unusually  high  ductility  at  39.2°  F.  as  well  as 
a  majority  of  the  mid-continent  asphalts  which  were 
slightly  'above  the  minimum  test  requirement  for 
ductility  at  this  rate  of  pull  at  the  slightly  higher 
temperature. 

Of  the  85-100  penetration  asphalts,  18  would  fail  to 
meet  a  requirement  of  one-tenth  the  penetration  as 
compared  to  only  3  that  failed  when  tested  at  39.2°  F. 
For  this  grade,  14  materials  failed  to  meet  the  require- 
ment of  one-tenth  the  penetration  minus  1.  Seven- 
teen of  the  18  asphalts  of  the  85-100  grade  that  failed 
to  have  a  ductility  equal  to  one-tenth  the  penetration 
were  from  the  same  source  as  the  50-60  asphalts  that 
would  not  meet  a  similar  requirement.  Ten  of  the 
fourteen  materials  of  the  85-100  grade  that  failed  to 
meet  a  requirement  of  one-tenth  the  penetration  minus 
1  were  also  from  the  same  source  as  the  50-60  asphalts 
failing  to  meet  a  similar  requirement.  _ 

One  of  the  most  interesting  points  in  this  ductility 
study  is  the  behavior  of  four  of  the  five  California 
products,  samples  1,  2,  3,  and  4.  The  samples  of  the 
85-100  grade  had  extremely  high  ductilities  at  39.2° 
and  32°  F.  at  a  rate  of  pull  of  %  centimeter  per  minute, 
and  at  39.2°  F.  when  pulled  at  1  centimeter  a  minute.  At 
32°  F.,  1  centimeter  per  minute,  the  materials  would  not 
elongate.  The  50-60  grades  of  the  California  materials 
had  slightly  higher  values  than  any  of  the  other  samples 
when  pulled  at  1  centimeter  per  minute  at  39.2°  F., 
and  they  were  many  times  more  ductile  when  pulled  at 
%  centimeter  a  minute.  At  32°  F.,  they  broke  when 
pulled  at  a  speed  of  %  or  1  centimeter  per  minute. 
Both  grades  of  sample  5,  which  had  a  ductility  at  77°  F. 
approximately  the  same  as  the  other  four  California 
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asphalts,  showed  a  decidedly  different  behavior  than 
the  others  when  tested  at  %  and  1  centimeter  a  minute 
at  39.2°  F.,  and  the  85-100  sample  showed  a  difference 
when  tested  at  %  centimeter  a  minute  at  32°  F. 

In  these  low-temperature  tests  there  is  apparently 
no  relation  between  the  ductility,  the  temperature, 
or  the  rate  of  pull  that  is  common  to  all  the  asphalts  or 
to  the  asphalts  from  a  particular  source.  The  charac- 
teristics shown  by  these  ductility  tests  are  probably 
due  to  the  properties  of  the  base  petroleum  and  process- 
ing of  the  particular  asphalts. 

TOUGHNESS  TEST  USED  TO  MEASURE  BRITTLENESS  AT  LOW 
TEMPERATURE 

Toughness  Test. — The  toughness  test  for  asphalt 
cements  was  first  used  by  the  New  York  Department 
of  Public  Works  in  1911  as  a  specification  requirement 
for  the  control  of  asphalts  for  asphalt-bound  macadam.8 

The  1932  specifications  of  the  department  contained 
a  clause  that  required  50-65  and  85-100  penetration 
asphalts  to  have  a  minimum  toughness  of  10  and  100- 
110  penetration  asphalt  to  have  a  minimum  toughness 
of  15.  The  test  is  now  made  on  a  cylinder  of  asphalt 
1%  inches  in  diameter  and  l3A  inches  high.  The  test 
procedure  is  as  follows: 

The  material  to  be  tested  is  melted  at  the  lowest 
possible  temperature  and  poured  into  a  specially 
constructed  split  mold  which  has  previously  been 
amalgamated.  The  filled  mold  is  allowed  to  cool  to 
room  temperature  and  then  chilled  to  32°  F.  (0°  C). 
The  excess  material  is  then  cut  from  the  top  by  a 
heated  knife  and  the  specimens  removed  from  the  mold. 
These  are  then  maintained  at  32°  F.  (0°  C.)  for  1  hour 
before  testing. 

The  specimens  are  tested  in  a  Page  impact  machine, 
which  is  the  same  as  used  in  the  Standard  Method  of 
Testing  for  Toughness  of  Rock,  A.  S.  T.  M.  Specifica- 
tion D  3-18.  A  special  bath  is  so  constructed  that  it 
rests  flat  on  the  anvil  of  the  Page  impact  machine  and 
is  braced  by  three  legs  that  rest  upon  the  base.  The 
bath  is  of  such  depth  that  when  filled  with  ice  and  water 
the  specimen  is  completely  covered,  assuring  a  tem- 
perature of  32°  F.  (0°  C.)  during  the  test.  A  patch  of 
paper  approximately  1  inch  square  is  placed  between 
the  plunger  of  the  impact  machine  and  the  cylinder  of 
asphalt  being  tested.  In  testing  bituminous  materials 
the  2-kilogram  hammer  is  allowed  to  drop  5  centi- 
meters onto  the  intervening  plunger  for  the  first  blow 
and  the  drop  is  then  increased  5  centimeters  for  each 
succeeding  blow  until  rupture  of  the  specimen  occurs. 
The  height  from  which  the  hammer  falls  when  rupture 
occurs  is  the  numerical  value  for  the  toughness  of  the 
material  under  test. 

The  toughness  test  values  of  the  50-60  and  85-100 
penetration  asphalts  are  given  in  table  12.  The  results 
shown  are  the  average  values  for  two  tests.  These 
values  ranged  from  5  to  22.5  with  an  average  of  11.7 
for  the  50-60  grade  and  from  5  to  35  with  an  average 
of  13.1  for  the  85-100  grade.  Based  on  the  minimum 
requirement  of  10  as  used  in  the  New  York  State 
specification,  there  were  9  samples  of  the  50-60  and  5 
samples  of  the  85-100  penetration  asphalt  that  would 
not  pass  the  test.  A  comparison  of  the  results  for  the 
two  penetration  grades  shows  that  13  asphalts  of  the 
85-100  grade  had  lower  and  19  had  higher  values  for 
toughness  than  asphalts  from  the  same  source  in  the 

8  Method  of  Determining  the  Toughness  of  Bituminous  Materials.    J.  E.'Meyers, 
Engineering  Record,  vol.  67,  No    3,  January  18.  1013. 


50-60  grade.  The  test  was  devised  to  identify  and 
restrict  the  use  of  the  type  of  asphalts  that  are  brittle 
at  low  temperature.  It  may  be  noted  that  asphalts  of 
the  same  consistency  at  the  test  temperature  of  32°  F., 
as  measured  by  the  penetration  test,  vary  greatly  in 
toughness. 

In  table  15,  the  results  of  tests  that  are  essentially 
identification  tests  of  source  or  processing  are  given 
for  both  grades  of  asphalts.  Tests  for  solubility  in  86° 
B.  naphtha,  the  solubility  in  ethyl  ether,  and  the  fixed 
carbon  content,  while  not  in  general  use,  are  still 
required  by  a  few  specifications.  The  determination 
of  the  percentage  of  sulphur  has  been  included  in  some 
specifications  to  control  more  definitely  the  source  of 
the  base  petroleum.  The  Oliensis  spot  test  has  been 
used  to  indicate  the  presence  of  cracked  materials,  and 
the  film  test  has  been  proposed  as  an  accelerated  test 
of  the  weather-resistant  property  of  asphaltic  materials. 
A  brief  discussion  of  these  tests  will  be  made  and  the 
effect  of  the  proposed  requirements  on  the  rejection  or 
acceptance  of  the  asphalts  in  both  grades  will  be  noted. 

SPECIAL  TESTS  USED  TO  IDENTIFY  SOURCE  OR  PROCESSIN  j, 

Solubility  in  86°  B.  naphtha. — Many  of  the  specifica- 
tions of  earlier  years  contained  clauses  limiting  the  per- 
centage of  bitumen  insoluble  in  86°  B.  naphtha,  and 
the  fixed  carbon  in  asphaltic  materials.  These  con- 
stituents are  dependent  on  both  the  base  petroleum  and 
the  processing.  While  they  may  have  value  as  identi- 
fication tests  and  in  controlling  uniformity  of  supplv, 
the  much  greater  number  of  base  petroleums  now  m 
use,  together  with  the  present  wide  variation  in  refin- 
ing processes,  have  somewhat  impaired  their  usefulness 
for  these  purposes. 

Only  one  State  specification  for  50-60  asphalt  carries 
a  requirement  for  the  percentage  of  bitumen  insoluble 
in  86  B.  naphtha.  The  limits  set  by  this  State  of 
15  to  29  percent  would  cause  the  rejection  of  the  five 
California  asphalts  that  were  low  in  asphaltenes,  and 
five  other  materials  that  had  values  over  the  maximum 
limit.  For  the  85-100  penetration  grade,  the  same 
limits  would  also  reject  the  five  California  asphalts, 
the  Colombian  asphalt,  and  two  mid-continent  asphalts 
that  had  similar  characteristics.  These  eight  85-100 
materials  had  a  low  percentage  of  asphaltenes. 

Fixed  carbon. — Only  one  State  has  employed  the  fixed 
carbon  test  for  the  purpose  of  controlling  asphalt 
cements.  The  requirement  stipulated  that  the  bitu- 
men should  show  between  8  and  17  percent  fixed  carbon. 
Four  of  the  five  California  asphalts  of  both  grades  had 
less  than  8  percent  fixed  carbon  and  were  the  only 
materials  failing  to  meet  this  specification.  For  as- 
phalts from  the  same  source,  the  percentage  of  asphal- 
tenes tended  to  increase  as  the  percentage  of  fixed 
carbon  increased.  As  indicated  by  figure  13,  however, 
there  was  no  definite  relationship  between  the  fixed 
carbon  and  the  organic  matter  insoluble  in  86°  B. 
naphtha  for  these  materials  as  a  group. 

Solubility  in  ethyl  ether. — One  of  the  reasons  for  the 
discontinuance  of  the  test  for  solubility  in  86°  B. 
naphtha  was  the  inability  to  obtain  a  uniform  supply 
of  the  naphtha.  One  State  has  substituted  ethyl  ether 
which  is  a  definite  chemical  compound  having  uniform 
and  unchanging  properties.  The  requirement  of  this 
specification  for  solubility  in  ethyl  ether  limits  the  per- 
centage of  insoluble  matter  to  a  maximum  of  25  per- 
cent. Table  15  shows  that  all  of  the  asphalts  in  this 
study    had    less    than    25    percent    insoluble    matter. 
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special  tests  on  the  50-60  and  85-100  penetration  asphalts 
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Coagulated. 

30 

15.7 
24.2 
15.1 
15.5 
20.5 
9.5 
11.1 
19.3 
18.5 
12.1 
18.6 

23.3 
30.2 
21.4 
24.5 
28.5 
19.1 
20.9 
27.0 
25.7 
23.0 
31.9 

12.6 
13.6 
15.4 
16.3 
16.6 
10.8 
10.8 
11.3 
11.8 
14.3 
15.0 

.72 
3.93 

.86 

.74 
3.97 
2.64 
2.52 
3.18 
2.08 
3.55 

.44 

Negative. . 

Clear 

do. 

do 

Coagulated  . 

Clear _. 

do 

do 

do 

do 

do 

Clear 

do 

do 

Coagulated  . 

Clear 

do 

do 

do. 

do 

Coagulated  . 

Clear. 

31.... 

...do 

...do 

Positive... 
...do....... 

Positive... 
...do. 

...do 

...do 

...do 

7(hSb 
50-60 

0.5 
0-5 
0-5 
60-70 
90+ 

'60-64 
28-32 

0-4 

0-4 

0-4 

24-28 

80-84 

...do 

...do 

Positive... 
-do 

Negative- 
Positive-. 
Negative.. 

...do 

Positive. . 

...do 

80-90 
15-25 

"   "6:2 

~ 35^40 
904- 

'60-64 
12-16 

"""6:2 

"lC-20 

80-84 

Do. 

32 

Do. 

33 

Coagulated. 

34 

Clear. 

35 

Do. 

36. 

Do. 

37... 

Do. 

38 

Do. 

39 

Do. 

40 

Coagulated. 

1  Maximum  value  same  as  spot  with  100  percent  xylene. 

Figure  14  indicates  an  approximately  straight  line 
relationship  between  the  percentage  of  organic  matter 
insoluble  in  ether  and  the  percentage  of  organic  matter 
insoluble  in  86°  B.  naphtha  for  both  grades  of  asphalt. 

Sulphur  content. — Although  a  number  of  specifica- 
tions have  carried  a  requirement  that  the  sulphur  con- 
tent of  asphalt  cements  should  be  more  than  3  percent, 
no  logical  reason  has  been  advanced  for  such  a  provi- 
sion. Victor  Nicholson9  stated  that  in  1915  the 
Bureau  of  Streets  of  Chicago  found  it  was  possible  to 
obtain  inferior  pavements  with  some  asphalts  meeting 
the  specifications  of  the  American  Association  for  the 
Standardization  of  Paving  Specifications.  He  added 
that  the  shortcomings  in  these  specifications  were  over- 
come by  altering  several  clauses  and  by  the  insertion 
of  a  requirement  that  the  stdphur  content  should  be  not 
less  than  3  percent. 

In  his  discussion  of  the  sulphur  requirement,  no  direct 
evidence  was  offered  by  Nicholson  to  show  the  supe- 
riority of  pavements  containing  asphalts  of  high  sulphur 
content.  He  did  attempt,  however,  to  correlate  the 
sulphur  content  with  other  physical  properties  of  the 
materials.  He  concluded  that  the  sulphur  content 
has  considerable  influence  on  the  viscosity  of  the 
asphalts  as  indicated  by  the  values  of  the  fluidity  factor 
and  float  test.  He  stated  that  the  consistency,  as 
represented  by  the  fluidity  factor,  did  not  vary  directly 
with   the  sulphur  content,   but  that  asphalts  having 

•  The  Sulphur  Requirement,  Proceedings  of  Association  of  Asphalt  Paving  Technol- 
ogists.   January  1935. 


over  3  percent  sulphur  had  fluidity  factors  over  130. 

The  fluidity  factor  can  be  altered  to  a  considerable 
extent  by  blowing  and  blending,  and  the  observations 
of  Nicholson  are  only  partially  corroborated  by  the 
sulphur  determinations  made  on  the  asphalts  of  this 
investigation,  the  data  for  which  are  shown  in  table  15. 

Nineteen  materials  of  the  50-60  grade  had  sulphur 
contents  of  less  than  3  percent,  and  5  of  thesehad  fluidity 
factors  of  more  than  130.  Twenty  materials  had  more 
than  3  percent  sulphur  and  7  of  these  had  fluidity 
factors  of  less  than  130.  In  the  85-100  penetration 
grade,  25  of  the  materials  had  sulphur  contents  lower 
than  3  percent,  and  in  no  case  was  the  fluidity  factor 
over  130.  Nine  of  the  15  asphalts  having  more  than  3 
percent  sulphur  had  fluidity  factors  less  than  130. 

In  29  cases,  the  asphalts  of  the  50-60  grade  had 
higher  percentages  of  sulphur  than  the  corresponding 
asphalts  of  the  85-100  grade.  The  85-100  grade  of 
samples  5  and  18  were  the  only  materials  that  had 
appreciably  higher  sulphur  contents  than  the  50-60 
asphalts  from  the  same  source.     Both  grades  of  sample 

35  and  the  50-60  grade  of  sample  36,  had  essentially  the 
same  sulphur  content,  yet  the  85-100  grade  of  sample 

36  had  a  decidedly  lower  sulphur  content.  These 
asphalts  were  from  the  same  producer,  who  used  crude 
petroleum  from  several  sources;  and  the  sulphur  con- 
tents, as  well  as  the  other  test  data,  indicate  that  the 
two  grades  of  sample  36  were  refined  from  different  base 
petroleums. 

Nineteen  of  the  50-60  asphalts  and  25  of  the  85-100 
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Figure  13. — Relation  Between  Fixed  Carbon  and  Organic 
Matter  Insoluble  in  86°  B.  Naphtha  of  the  50-60  and 
85-100  Penetration  Asphalts. 

penetration  asphalts  would  fail  to  meet  a  specification 
requirement  of  3  percent  or  more.  Although  there  are 
California  asphalts  of  high  sulphur  contents,  those 
represented  in  this  study  would  not  meet  this  require- 
ment. Many  mid-continent  products  would  also  be 
rejected.  While  it  is  generally  considered  that  the 
sulphur  requirement  was  introduced  in  specifications  to 
insure  the  use  of  Mexican  asphalts,  a  minimum  limit 
of  3  percent  will  permit  the  use  of  asphalts  refined  from 
Venezuelan,  Arkansas,  Texas,  and  Wyoming  petro- 
leums. However,  as  shown  in  figure  15,  a  sulphur 
requirement  is  essentially  an  identification  test  of 
source. 

SEVEN    OF   THE   ASPHALTS    HAD    XYLENE    EQUIVALENTS    OVER   40 

Reaction  to  Oliensis  test. — The  Oliensis  spot  test 10  has 
been  used  for  several  years  as  a  means  for  determining 
if  asphaltic  materials  have  been  overheated  or  cracked 
during  the  refining  process.  As  initially  proposed,  the 
test  served  only  as  a  means  to  identify  overheated  or 
cracked  materials.  In  1936, n  the  test  was  improved  so 
that,  within  certain  limits,  a  quantitative  measure  of 
the  degree  of  heterogeneity  may  be  determined. 

Since  the  development  of  the  Oliensis  test  several 
States  have  included  a  requirement  for  a  spot  test  in 
their  specifications  for  asphaltic  materials.  In  order 
to  determine  the  reaction  of  these  asphalts  to  the 
Oliensis  spot  test,  they  were  all  tested  qualitatively  and 
those  that  gave  positive  spots  were  tested  with  both 

«°  A  Quality  Test  for  Determining  the  Degree  of  Heterogeneity  of  Asphalts,  by 
G.  L.  Oliensis,  Proceedings,  A.  S.  T.  M.,  vol.  33,  pt.  2,  1933. 

11  A  Further  Study  of  the  Heterogeneity  of  Asphalt— A  Quantitative  Method. 
By  O.  L.  Oliensis,  Proceedings,  A.  S.  T.  M.,  vol.  36,  pt.  2,  1936. 
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Figure  14. — Relation  Between  Organic  Matter  Insoluble 
in  Ether  and  Organic  Matter  Insoluble  in  86°  B.  Naph- 
tha of  the  50-60  and  85-100  Penetration  Asfhalts. 

gilsonite  and  xylene,  as  homogenizers.  The  results  of 
these  tests  for  both  the  50-60  and  85-100  penetration 
asphalts  are  given  in  table  15.  This  table  gives  the 
character  of  the  spot,  and  the  gilsonite  and  xylene 
equivalents  of  those  samples  showing  a  positive  spot. 

There  were  14  asphalts  of  the  50-60  grade  and  15 
asphalts  of  the  85-100  grade  that  gave  positive  spots 
with  the  standard  naphtha.  Both  grades  of  the 
asphalts  from  the  same  source  gave  similar  spots  in 
most  instances,  although  the  50-60  grades  of  samples 
37  and  38  were  positive  and  the  85-100  grades  were 
negative.  In  the  two  grades  of  samples  5  and  19,  the 
asphalts  of  85-100  grade  only  were  positive.  Sample 
29  was  not  represented  in  the  50-60  asphalts. 

A  heterogeneous  asphalt,  one  giving  a  positive  spot, 
may  be  made  to  appear  homogeneous,  having  a  negative 
spot,  by  the  use  of  various  homogenizers.11  As  in- 
dicated in  table  15,  the  addition  of  relatively  small 
amounts  of  gilsonite  in  some  instances  will  make  the 
asphaltic  material  show  a  negative  spot.  In  other 
cases,  the  quantity  of  gilsonite  necessary  to  produce 
a  blend  showing  a  negative  spot  is  far  too  great  to  make 
its  use  profitable.  However,  the  addition  of  homo- 
geneous asphaltic  materials  to  mask  the  presence  of 
heterogeneous  materials  has  been  noted,  and  such 
blends  obviously  defeat  the  purpose  of  the  Oliensis  test. 

The  solvent  xylene,  when  used  as  a  homogenizer 
in  varying  proportion  with  the  standard  naphtha, 
gives  a  measure  of  the  degree  of  heterogeneity  of  as- 
phaltic materials.  The  values  for  xylene  equivalents 
in  table  15  can  be  considered  as  indicating  the  relative 
heterogeneity  of  these  materials. 


24 


PUBLIC  ROADS 


Vol.  21,  No.  1 


85  -  100  GRADE 


R-  ■ . .  H                                 p. 

n~n~i    ....■■  fh....  £    fri       n 

ll 

:':                                              P 

F>     :          ! 

gftei 

m 

rtl 

B 

50-60  GRADE 


" 

i 

i 

FfWl 

m 

1 

m 

7    8    9    10 
MEXlC 

II    12 

34 

«/Y0- 

19  20  21  22 
-—ARKANSAS— 

13    14    IS    16    17    18 
VENEZUELA 

31  37  38             39 

SAMPLE 

6                1     2    3    4    S 
NUMBER 

23  24  25  26  27  28  29 

32  33 

30 

-  KY.  8.  — 

ILL. 

40 
—  KY  — 

35  36 

'UNKNOWN 

DOMESTIC    1                 lLOMBIAl 

SOURCE    OE   BASE    PETROLEUM 
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Penetration  Asphalts. 


Of  the  14  asphalts  of  the  50-60  penetration  grade 
that  were  heterogeneous,  3  had  xylene  equivalents  of 
less  than  16  and  3  that  were  greater  than  60.  Of  the 
15  heterogeneous  asphalts  of  the  85-100  penetration 
grade,  nine  had  xylene  equivalents  of  less  than  16  and 
two  were  higher  than  60.  Samples  33  of  the  50-60 
grade  and  29  and  33  of  the  85-100  grade  gave  positive 
reactions  with  100  percent  xylene,  but  the  maximum 
values  reported  are  the  minimum  amounts  of  xylene 
in  the  xylene-naphtha  solvent  that  gave  a  spot  of  the 
same  intensity  as  when  xylene  alone  was  used  as 
solvent. 

A  comparison  of  the  asphalts  of  the  two  grades  shows 
that  11  asphalts  of  the  50-60  grade  had  higher  xylene 
equivalents  than  the  corresponding  asphalts  of  the 
85-100  penetration  grade.  This  would  seem  to  indi- 
cate that  under  uniform  refining  conditions  the  develop- 
ment of  heterogeneity  in  the  residual  asphalt  progresses 
as  the  material  becomes  harder.  Table  16  shows  the 
distribution  of  the  materials  having  positive  spots 
according  to  the  process  used  in  manufacture. 

Film  test.— In  1937,  J.  R.  Benson,  of  the  State 
Highway  Commission  of  Kansas  presented  two 
papers/2  l3  describing  the  possibilities  of  the  so-called 
film  test  as  an  accelerated  weathering  test  for  asphaltic 
materials.  In  these  papers  the  author  showed  the 
reaction  of  translucent  asphaltic  films  approximately 
0.001  inch  thick  when  exposed  to  six  artificial  weather- 
ing conditions.  The  physical  changes  due  to  the 
various  types  of  exposure  were  determined  by  direct 
observation  under  the  microscope.  The  test  procedure 
is  as  follows: 

The  film  of  asphalt  to  be  tested  is  spread  on  a  1-  by 
3-inch  glass  microscope  slide  by  means  of  a  special 

'•  A  Study  of  Translucent  Asphaltic  Films,  Proceedings,  Highway  Research  Board, 
vol.  17,  Deeimher  1937. 

13  Microscopic  Reactions  in  Translucent  Asphaltic  Films.  Proceedings  of  the 
Association  of  Asphalt  Paving  Technologists,  vol.  9,  Decemher  1937. 


gage  so  constructed  as  to  give  a  film  approximately 
0.001  inch  thick.  The  slide  is  then  placed  horizontally 
in  a  constant-temperature  oven  maintained  at  325°  F. 
After  5  hours  the  slide  is  removed  from  the  oven, 
cooled  to  room  temperature,  and  examined  under  a 
microscope  at  a  magnification  between  200  and  360 
under  transmitted  light.  If  the  film  is  clear  the  slide 
is  again  placed  in  the  oven  at  325°  F.  and  exposed  for 
a  total  of  24  hours. 

Table  16. — The  refining  process  in  relation  to  the  xylene  equivalents 
of  the  heterogeneous  asphalts 


Sample  No. 

Xylene  equiva- 
lent 

Refining  process 

50-60 
grade 

85-100 
grade 

5 

0-2 

24-28 

2-4 

2-A 

2-4 

0-2 

44-48 

2-4 

4-8 

'  56-60 

'60-64 

12-16 

0-2 

16-20 
80-84 

Vacuum  distillation. 

8-- 

20-24 
28-32 
24-28 
28-32 

Unknown. 

13 

Fire  and  steam  distillation. 

15_- 

Steam  distillation. 

16 

Do. 

19.. 

Vacuum  distillation. 

23-. — 

84-88 
16-20 
32-36 

Unknown. 

26 

Vacuum  distillation  and  oxidation. 

2S_- 

Unknown. 

29.. 

Do. 

33.- 

'6f>64 

28-32 

0-4 

0-4 

0-4 

24-28 

80-84 

Cracking  process. 

34-- 

Fire  and  steam  distillation. 

36 

37 

Do. 

Unknown. 

38. 

Do. 

39-. 

40 - 

Do. 

Cracking  process. 

1  Maximum  value  same  as  spot  with  100  percent  xylene. 

ONLY  ASPHALTS  HAVING  HIGH  XYLENE  EQUIVALENTS  FAILED  TO 
PASS  FILM  TEST 

The  condition  of  the  film  after  the  5-  and  24-hour 
periods  is  determined  as  either  clear  or  coagulated.  A 
film  is  said  to  be  clear  when  it  presents  a  smooth  surface 
and  shows  no  change  in  condition  other  than  hardening. 
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A  film  is  said  to  be  coagulated  when  it  develops  a  lacy 
or  granular  structure,  with  the  asphalt  often  appearing 
to  have  separated  into  two  distinct  components,  one 
light  and  the  other  dark. 

Although  the  work  done  by  Benson  has  been  largely 
on  materials  of  the  liquid  asphaltic  type,  it  was  decided 
to  observe  the  behavior  of  the  various  asphalt  cements 
of  this  investigation  when  subjected  to  the  film  test  as 
required  in  the  Kansas  specification.  The  results  of 
film  test  for  the  50-60  and  85-100  penetration  asphalts 
are  given  in  table  15.  Of  the  50-60  grade,  samples  23 
and  33  showed  definite  coagulation  at  the  end  of  the 
5-hour  and  24-hour  periods.  Of  the  85-100  grade  these 
same  asphalts,  together  with  sample  29,  also  showed 
coagulation  at  the  end  of  the  5-hour  and  24-hour  test 
periods.  Sample  40  in  both  grades  showed  coagulation 
at  24  hours  but  not  at  5  hours.  These  seven  asphalts 
showed  the  highest  degree  of  heterogeneity  as  rated  by 


the  Oliensis  test,  all  having  xylene  equivalents  in  excess 
of  44. 

Table  17  shows  the  asphalts  that  failed  to  meet 
the  special  requirements  that  have  been  discussed.  It 
indicates  that,  in  general,  the  85-100  penetration 
asphalts  fail  in  a  lesser  number  of  tests  than  the  50-60 
asphalts.  The  85-100  asphalts  could  not  be  tested  for 
penetration  under  normal  test  procedure  at  115°  F., 
50  grams,  5  seconds,  so  that  the  susceptibility  factor 

penetration  115°  F-,  50  gm.,  5  sec. —  penetration  32°  F.,  200  em.,  60  sec, 
penetration  77°  F.,  100  gin.,  5  :>ec. 

was  not  determined  for  this  grade.  The  float-test 
index  was  specified  only  for  asphalts  having  penetra- 
tions at  77°  F.  of  from  40  to  70  and  the  designated 
specification  requirement  is  not  applicable  to  the  85-100 
penetration  asphalts. 


Table  17.- 

-Identification  1  of  the 

50-60  and  85- 

100 

■penetration  aspha 

Its  which  fail  to  meet  special  lest 

requirements 

Special 
test 

Fluidity 
factor 

Float- 
test 
index 

Pen.  39.2°  F. 

Pen.  77°  F. 

(') 

Pen.  115°  F.-Pen.  32°  F. 
Pen.  77°  F. 

Duc- 
tility 
at  39.2° 
F..M 
cm.  per 
minute 

Ductility  at  32° 

F.,  }4  cm.  per 

minute 

Duc- 
tility 
at  39.2° 

F.,  :, 
cm.  per 
minute 

Tough- 
ness 
test 

Organic 
matter 

iDSOl- 

uble  in 
86°  B. 
naphtha 

Fixed 
carbon 

Sulphur 

Film 
test 

Oliensis 
test 

Num- 
ber of 
tests 
each 

Pro- 
posed 
test 
require- 
ment 

140+ 

90+ 

30+  percent 

4.2- 

Mo  pen. 
at77°F. 

Ho  pen. 

at77°F. 

-1 

Mo  pen. 
at77°F. 

Mo  pen. 
at77°F. 

10+ 

15-29 

percent 

8-17 

percent 

3.0+ 
percent 

Shall 
not  co- 
agulate 

Shall 

show 

negative 

spot 

sample 

(ails  to 
pass 

Pene- 
tration 
grade 

50 
to 
60 

85 
to 
100 

50 
to 
60 

85 
to 
100 

50  to 
60 

85  to 
100 

60  to  60 

85  to  100 

50 
to 
60 

85 
to 
100 

50 
to 
60 

85 
to 
100 

50 
to 
60 

85 
to 
100 

50 
to 
60 

85 

to 
100 

50 
to 
60 

85 
to 
100 

50 
to 
60 

85 
to 
100 

50 
to 
60 

85 
to 
100 

50 
to 
60 

85 
to 
100 

50 
to 
60 

85 
to 
100 

50 
to 
60 

85 
to 
100 

50 
to 
60 

85 
to 
100 

Sample 
num- 
ber: 
1 

X 
X 

X 
X 
X 
X 

X 
X 
X 
X 
X 
X 

X 
X 
X 
X 
X 
X 

X 

X 

X 
X 
X 

X 

X 

X 
X 

X 
X 
X 
X 
X 
X 
X 
X 
X 
X 

(3) 

X 
X 
X 
X 
X 

X 
X 
X 
X 
X 
X 

X 

X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 

X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 

X 
X 
X 
X 
X 
X 

X 
X 
X 
X 

X 

X 

X 
X 
X 
X 
X 

X 
X 
X 
X 
X 
X 

X 
X 
X 
X 

X 
X 
X 

X 

X 
X 
X 
X 
X 
X 

X 
X 
X 
X 
X 
X 

11 
11 
11 
11 
9 
fi 
2 
7 
3 
2 
2 
1 
4 
5 
6 
5 
4 
3 
5 
5 
5 
3 
10 
6 
7 
8 
6 
7 

"i 
5 

7 
9 
5 
7 

3 
4 
9 
10 

7 

2 

5 

3 

fi 

4 

fi 

5 

X 

7 

6 

5 
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Number 
of  sam- 
p  1  es 
failing 
each 
test... 

22 

34 

24 

1 

4 

9 

27 

5 

; 

?? 

14 

33 

18 

39 

38 

9 

5 

10 

8 

4 

4 

19 

25 

3 

4 

14 

15 

1  Samples  marked  (x)  fail  to  meet  requirement. 
'  Penetrations  at  various  temperatures  as  follows: 

32°  F.,  200  gm..  60  sec. 

39.2°  F.,  200  gm.,  60  sec. 

77°  F.,  100  gm.,  5  sec. 

115°  F.,  50  gm.,  fisec. 
«  Penetrations  not  made  at  115°  F.  on  85-100  penetration  asphalts. 
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Excluding  these  two  requirements,  in  6  out  of  11 
cases  the  50-60  asphalts  had  a  larger  number  of  samples 
failing  than  did  the  85-100  asphalts.  The  85-100 
asphalts  showed  the  higher  number  of  failures  for  the 
fluidity  factor,  the  susceptibility  factor  using  penetra- 
tion at  77°  F.,  100  grams  5  seconds  and  39.2°  F.,  200 
grams  60  seconds,  the  sulphur  content,  and  the  re- 
action to  the  film  and  the  Oliensis  test.  Both  grades 
showed  the  same  number  of  failures  for  the  fixed  carbon 
test. 

For  the  50-60  asphalts,  the  requirements  for  duc- 
tility at  39.2°  F.,  5  centimeters  a  minute,  and  ductil- 
ity at  32°  F.,  ){  centimeter  a  minute,  of  one-tenth  the 
penetration,  the  susceptibility  factor  involving  tests  at 
3  temperatures,  115°,  77°,  and  32°  F.,  the  float-test 
index,  and  the  fluidity  factor,  in  the  order  named,  were 
the  most  restrictive.  The  requirements  for  the  film 
test,  fixed  carbon,  the  susceptibility  factor  using  the 
temperatures  39.2°  and  77°  F.,  and  the  ductility  at 
39.2°  F.,  %  centimeter  per  minute  of  one-tenth  the 
penetration,  were  the  least  restrictive. 

For  the  85-100  penetration  asphalts  the  requirements 
for  ductility  at  39.2°  F.,  5  centimeters  a  minute  of  one- 
tenth  the  penetration,  the  fluidity  factor,  the  sulphur 
content,  and  ductility  at  32°  F.,  }{  centimeter  a  minute, 
of  one-tenth  the  penetration,  would  cause  the  greater 
number  of  rejections.  The  requirements  for  ductility 
at  39.2°  F.,  }i  centimeter  a  minute,  of  one-tenth  the 
penetration,  the  film  test,  and  fixed  carbon,  would 
cause  the  least  number  of  rejections. 

The  ductility  requirement  of  one-tenth  the  penetra- 
tion minus  1  at  a  speed  of  ){  centimeter  a  minute  at 
32°  F.  is  also  highly  restrictive  for  both  grades.  The 
requirement  for  solubility  in  86°  B.  naphtha  would 
cause  the  rejection  of  approximately  one-fourth  of  the 
50-60  asphalts  and  one-fifth  of  the  85-100  asphalts. 
The  reaction  to  the  Oliensis  spot  test  would  reject  14 
of  the  39  asphalts  of  the  50-60  grade  and  15  of  the  40 
asphalts  of  the  85-100  grade. 

Of  these  restrictive  specification  requirements,  as  a 
group,  the  California  asphalts  failed  to  pass  the  greatest 
number  and  the  Mexican  asphalts,  excluding  sample 
8,  failed  to  pass  the  least  number.  The  Oliensis  spot 
test  indicated  that  sample  8  had  been  overheated  in  the 
refining  process.  Those  asphalts  that  show  high  xylene 
equivalents  generally  fail  to  pass  a  larger  number  of 
these  requirements  than  do  those  that  are  homogeneous 
or  only  slightly  heterogeneous.     Next  to  the  Mexican 


asphalts  in  the  number  of  failures  were  the  Venezuelan 
asphalts  with  negative  spots  and  the  Arkansas  products. 
The  materials  from  the  other  fields  showed  considerable 
variation  in  their  ability  to  pass  these  specification 
requirements. 

Among  the  Mexican  asphalts  of  the  50-60  grade, 
excluding  sample  8,  there  was  one  sample  that  failed 
one  requirement,  three  that  failed  two  requirements, 
and  one  that  failed  three  requirements.  For  the  other 
materials,  only  sample  18,  Venezuelan;,  sample  22, 
Arkansas;  and  sample  37,  a  Mexican-Texas  blend,  had 
as  few  failures  as  sample  9,  which  failed  three  require- 
ments. 

In  the  85-100  grade,  again  excluding  sample  8,  one 
Mexican  asphalt,  sample  7,  passed  all  the  special 
requirements,  and  four  Mexican  asphalts,  samples  9,  10, 
11,  and  12  failed  to  pass  one  requirement  only.  One 
Venezuelan  asphalt,  sample  18,  failed  to  pass  one  require- 
ment, and  two  Arkansas  asphalts,  samples  21  and  22, 
failed  two  requirements. 

Undoubtedly  the  group  of  materials  under  considera- 
tion includes  some  asphalts  representative  of  materials 
that  have  had  unsatisfactory  service  records.  How- 
ever, there  are  also  included  materials  from  other 
sources  that  have  had  excellent  behavior  under  most 
severe  climatic  and  traffic  conditions.  Except  for 
slight  deviations,  all  of  these  asphalts  met  the  speci- 
fication requirements  that  have  generally  been  con- 
sidered as  standard.  The  failure  of  such  a  large 
number  of  materials  from  sources  that  have  been  con- 
sidered satisfactory,  as  shown  in  table  17,  to  pass  many 
of  these  special  requirements  gives  ample  justification 
for  all  attempts  to  discourage  the  use  of  discriminatory 
requirements  that  are  not  true  measures  of  quality. 

It  would  seem  from  a  consideration  of  the  known 
service  performance  of  similar  materials  and  from  a 
study  of  the  test  data  presented  in  this  report  that 
these  special  tests  are  essentially  tests  that  assist  in  the 
identification  of  source  or  the  method  of  processing  or 
that  they  are  measures  of  special  characteristics.  There 
has  been  no  definite  correlation  between  the  test  data  on 
asphalts  and  their  performance  in  service  to  indicate 
that  any  of  the  tests  discussed  in  this  report  are  true 
measures  of  quality  or  durability.  Specifications  for 
asphalt  cement,  therefore,  will  remain  inadequate  until 
such  correlation  is  provided  or  more  satisfactory  tests 
are  developed. 


AASHO  APPROVES  STANDARDS  FOR  PAVEMENT  MARKINGS 


The  article  "Marking  and  Signing  No-Passing  Zones 
on  Two-  and  Three-Lane  Roads,"  published  in  the 
December  1939,  issue  of  PUBLIC  ROADS,  described 
the  systems  of  marking  now  used  by  various  States  and 
discussed  standards  recommended  by  committees  of 
the  American  Association  of  State  Highway  Officials. 


"A  Policy  on  Criteria  for  Marking  and  Signing 
No-Passing  Zones  on  Two-  and  Three-Lane  Roads," 
and  "Standards  for  Marking  and  Signing  No-Passing 
Zones,"  as  presented  in  the  article  on  pages  193  and 
202,  have  recently  been  approved  by  the  American 
Association  of  State  Highway  Officials. 
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NEW  TECHNIQUES  IN  TRAFFIC  BEHAVIOR 

STUDIES 

BY  THE  DIVISIONS  OF  TESTS  AND  HIGHWAY  TRANSPORT,  PUBLIC  ROADS  ADMINISTRATION 

Reported  by  E.  H.  HOLMES,  Highway  Engineer-Economist,  and  S.  E.  REYMER,  Assistant  Research  Engineer 


SIGNIFICANT  ADVANCES  in  the  technique  of 
studying  traffic  movement  have  been  made  during 
the  past  year.  New  devices  have  made  possible  the 
collection  of  data  needed  in  studies  of  highway  capacity 
simply,  accurately,  and  far  more  cheaply  than  has 
heretofore  been  possible.  These  devices  also  have 
opened  entirely  new  fields  of  study  of  the  requirements 
for  safe  operation  of  vehicles  on  our  highways. 

In  1934,  the  Public  Roads  Administration  began 
studies  of  highway  capacity.  In  these  studies,  at- 
tempts to  determine  a  reasonable  or  working  capacity 
from  theoretical  computations  were  discarded  in  favor 
of  determinations  based  upon  actual  driving  practices 
on  representative  highways,  and  an  entirely  new  con- 
ception of  highway  capacity  was  advanced.  This  con- 
ception differed  basically  from  that  of  previous  ap- 
proaches to  the  subject  in  that  the  index  of  highway 
congestion  was  based  upon  the  opportunity  for  the 
individual  driver  to  travel  at  his  desired  speed  rather 
than  upon  the  average  speed  of  all  vehicles.  Although 
increasing  traffic  volumes  have  been  found  to  reduce 
the  average  speed  of  traffic  to  some  degree,  this  index, 
as  compared  to  indexes  of  the  movements  of  individual 
vehicles,  is  relatively  insensitive  and  shows  no  marked 
break  at  which  it  may  be  said  congestion  begins. 

Average  speeds  of  traffic  may  be  determined  very 
accurately  by  an  analysis  of  only  a  sample  of  the 
traffic.  Determination  of  the  freedom  of  movement  of 
individual  drivers,  however,  requires  a  knowledge  of 
the  speed  of  each  vehicle  in  the  traffic  stream  and  its 
relation  to  the  speed  and  position  of  vehicles  ahead 
and  behind.  Accordingly,  methods  had  to  be  developed 
for  determining  the  speeds  of  all  vehicles  so  that  they 
could  be  accurately  related  to  one  another.  This 
method  was  described  in  the  February  1939  issue  of 
PUBLIC  ROADS. 

Studies  were  conducted  under  this  procedure  by  the 
Public  Roads  Administration  in  Massachusetts  and 
New  York  in  1934  and  1935,  and  in  Illinois  in  1937  in 
cooperation  with  the  highway  planning  survey  in  that 
State.  However,  the  scope  of  the  data  that  could  be 
collected  was  limited  by  a  variety  of  factors,  and  it 
was  practically  impossible  to  observe  traffic  under  a 
sufficient  number  of  conditions  to  provide  conclusive 
results. 

IMPROVEMENT  OF  FIELD  EQUIPMENT  NECESSARY  TO  OBTAIN 
ADDITIONAL  DATA 

The  large  field  force  needed  was  expensive  and  in- 
convenient to  transport.  The  necessity  of  reading 
license  numbers  practically  confined  the  work  to  day- 
light hours,  not  only  eliminating  the  study  of  darkness 
as  a  factor  in  traffic  behavior  but  also  preventing 
observation  of  some  of  the  heaviest  traffic  densities. 
Rain  and  cold  were  serious  handicaps.  The  minimum 
length  of  section  of  0.2  mile  precluded  observations 
under  physical  conditions  prevailing  for  less  than  that 
distance.  Finally,  the  office  analysis  was  a  tedious 
and  expensive  process. 
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The  advantages  of  the  method  far  outweighed  the 
disadvantages,  however.  By  no  previously  known 
method  was  it  possible  to  obtain  the  complete  in- 
formation required  for  these  detailed  analyses,  and  the 
value  of  the  results  in  showing  driver  practices  under 
various  traffic  conditions  has  been  clearly  demon- 
strated. But  with  the  advent  of  the  highway  planning 
surveys  and  the  completion  of  the  basic  traffic  volume 
studies,  the  necessity  for  more  complete  knowledge  of 
the  factors  determining  highway  capacity  became  in- 
creasingly evident.  Traffic  density  figures  for  the  more 
heavily  traveled  roads  are  of  little  value  unless  they  can 
be  evaluated  in  terms  of  highway  capacity.  Demand 
for  information  similar  to  that  collected  in  these  earlier 
studies  showed  that  improvement  in  the  field  technique 
was  imperative,  not  to  improve  the  quality  of  the  data, 
but  because  more  data  were  needed,  added  conditions 
had  to  be  observed,  and  the  results  had  to  be  analyzed 
more  quickly. 

The  requirements  of  a  new  method  were  definitely 
established  on  the  basis  of  the  earlier  experience.  The 
major  requirements  were  as  follows: 

1.  The  speeds  of  all  vehicles  must  be  measured. 

2.  Each  speed  measurement  must  be  recorded. 

3.  The  time  spacings  between  vehicles  must  be 
determined  and  recorded. 

4.  The  process  of  determining  and  recording  these 
items  for  each  vehicle  must  be  completed  in  less  than  1 
second. 

5.  The  records  must  permit  segregation  of  data  by 
traffic  lanes,  and  the  direction  of  travel  of  each  vehicle 
must  be  indicated. 

6.  All  measurements  and  recordings  must  be  entirely 
automatic,  because  of  the  anticipated  widespread 
application  of  the  method. 

7.  Speeds  must  be  measured  with  an  error  of  less 
than  5  percent  within  the  normal  range  of  vehicle 
speeds. 

An  extensive  survey  of  existing  methods  of  speed 
detection  revealed  that  none  of  the  available  devices 
would  satisfy  all  of  the  requirements  and,  accordingly, 
an  entirely  new  mechanical-electrical  device  was 
developed.  In  the  conception  of  this  device,  the  ele- 
ment of  recording  was  perhaps  of  somewhat  greater 
importance  than  that  of  speed  determination,  for  vari- 
ous electronic  or  other  devices  would  suffice  to  deter- 
mine speed  reasonably  well.  Since  the  Public  Roads 
Administration  had  obtained  satisfactory  results  with 
the  graphic  time  recorder  in  other  studies,  the  new 
method  was  developed  with  that  particular  type  of 
recording    device    as    its    basic    element. 

The  speedmeter  is  fundamentally  a  time-measuring 
instrument  consisting  of  a  detecting  unit,  a  timing  unit, 
and  a  recording  unit.  The  speed  of  a  vehicle  is  ob- 
tained by  determining  the  time  it  takes  in  traversing  a 
known  distance.  The  detecting  unit  functions  as  two 
switches  placed  on  the  road  a  definite  distance  apart. 
A  vehicle  in  passing  over  first  one  and  then  the  other 
of  the  two  switches  starts  and  stops  the  timing  unit, 
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whereupon  the  recording  unit  records  the  speed  of  the 
vehicle.  Usually  the  time  required  for  the  entire 
operation  is  less  than  1  second. 

Of  the  several  types  of  detecting  units  that  may  be 
used,  the  simplest  is  of  the  direct  contact  type  in  which 
each  switch  consists  of  a  pair  of  continuous  metallic 
tapes  laid  across  the  highway  and  separated  at  intervals 
by  some  flexible  insulating  material  such  as  rubber. 
Detection  by  lanes  may  be  accomplished  by  segmenting 
one  of  the  tapes  and  using  the  other  as  a  common 
return. 

Another  type  of  detecting  unit,  commonly  referred 
to  as  the  "electric  eye,"  utilizes  two  beams  of  light 
projected  across  the  highway  and  focused  on  photo- 
electric cells.  This  method  would  seem  to  be  ideal 
since  no  visible  contacting  device  is  laid  across  the 
highway  that  might  attract  the  motorists'  attention. 
However,  this  method  cannot  be  easily  adapted  for 
use  in  detennining  the  speeds  of  vehicles  in  more  than 
one  direction. 

Still  a  third  type  of  detecting  unit  developed  by  the 
Public  Roads  Administration  employs  two  pneumatic 
detectors,  each  consisting  of  a  flexible  rubber  tubing 
laid  across  the  road  and  terminated  at  both  ends  by  air 
switches.  This  unit  has  been  used  almost  exclusively 
by  the  Administration  with  considerable  success,  and 
has  proved  to  be  superior  to  the  other  types  mentioned 
from  the  standpoints  of  operation,  portability,  ease  of 
installation,  durability,  and  cost.  The  pneumatic 
detector  has  been  described  in  detail  in  the  January  1939 
issue  of  PUBLIC  ROADS.  Slight  modifications  of  the 
original  design  will  be  discussed  later. 

NEW  TYPE  OF  SPEEDMETER  DEVELOPED 

Most  of  the  speedmeters  that  have  been  developed 
by  other  agencies  have  employed  an  electronic  timing 
unit  based  on  the  principle  of  the  vacuum  tube  volt- 
meter. This  consists  of  a  charged  condenser  biasing 
the  grid  of  a  vacuum  tube.  When  a  vehicle  actuates 
one  of  the  switches  in  the  detecting  unit,  the  charged 
condenser  commences  to  discharge  throagh  a  resistor. 
The  second  switch  in  the  detecting  unit,  upon  being 
actuated  by  the  vehicle,  stops  the  discharge.  The 
amount  of  discharge  is  dependent  upon  the  time  con- 
sumed by  the  vehicle  in  traveling  the  fixed  distance 
between  the  two  switches  of  the  detecting  unit.  The 
remaining  charge  on  the  condenser  causes  a  definite 
measurable  current  to  flow  through  the  vacuum  tube. 
The  recording  unit  is  in  this  case  a  sensitive  meter  with 
a  scale  which  has  been  calibrated  to  indicate  the  speed 
directly  in  miles  per  hour. 

The  Massachusetts  Highway  Traffic  Research  Project 
developed  a  speedmeter  l  using  a  timing  unit  as  des- 
cribed above.  A  more  elaborate  electronic  speedmeter 
was  developed  in  Illinois  by  Reich  and  Toomin.2  Care- 
ful studies  were  made  of  both  of  these  electronic 
speedmeters  and  although  both  possessed  many  desir- 
able characteristics,  they  also  had  certain  disadvantages. 

Development  work  by  the  Public  Roads  Administra- 
tion resulted  in  the  production  of  an  entirely  new 
speedmeter  incorporating  a  pneumatic  detecting  unit, 
an  electromechanical  timing  unit,  and  either  of  two 
types  of  recording  units. 

The  pneumatic  detecting  unit  is  comprised  of  two 
rubber  tubes,  each  28  feet  long  and  terminated  at  both 
ends  by  air  switches.  An  insulated  wire  installed  inside 
of  each  tube  serves  as  the  positive  return  lead  from  the 
air  switches  on  the  far  side  of  the  road  to  the  recording 

1  Scientific  American,  March  1936,  vol  154.  No.  3,  p.  122. 

'  Review  of  Scientific  Instruments,  December  1937,  vol.  8,  No.  12,  p.  502. 


equipment.  A  single  insulated  wire  laid  adjacent  to 
one  of  the  rubber  tubes  serves  as  the  common  negative 
return  lead  of  the  electric  circuit.  Each  tube  has  a 
dead  section  approximately  5  feet  long  which  is  centered 
at  the  center  of  the  pavement.  This  arrangement 
permits  detection  by  lanes  since  each  end  of  the  tube  is 
terminated  by  an  air  switch  and  operates  independently. 
The  dead  section  prevents  a  vehicle  from  actuating  the 
two  air  switches  at  the  two  ends  of  a  tube  simultaneously 
should  the  vehicle  straddle  the  center  of  the  pavement. 


O 


• 


Figure    1. 


-Assembled   Air  Switch    (Top)    and   Component 
Parts. 


Formerly,  this  dead  section  was  created  by  simply 
punching  holes  through  the  walls  of  the  tube.  This 
method  proved  to  have  some  disadvantages  when  the 
pavement  was  wet  because  the  suction  resulting  from 
the  displacement  of  air  by  passing  vehicles  would  draw 
water  into  the  tube  and  render  the  operation  erratic. 
On  the  other  hand,  there  were  certain  advantages  in 
perforating  the  tubing.  It  permitted  equalization  of 
air  pressures  inside  and  outside  the  rubber  tubing  to  be 
quickly  established  after  passage  of  the  wheels  over 
the  tubing;  it  eliminated  the  effects  of  air  surges;  and 
it  prevented  false  operation  due  to  changes  in  tempera- 
ture. These  advantages  were  particularly  important 
whenever  pneumatic  detectors  were  used  in  connection 
with  traffic  counters,  but  for  use  with  the  speedmeter 
the  only  significant  factor  was  freedom  from  tempera- 
ture effects.  In  the  closed  tube  that  was  finally 
adopted  the  effects  due  to  changes  in  temperature  were 
eliminated  by  making  a  pinhole  in  the  rubber  diaphragm 
of  the  air  switch.  In  the  final  design  the  dead  section 
was  obtained  by  sealing  off  a  section  of  the  tube. 

The  air  switch  employed  in  the  pneumatic  detector 
is  shown  in  figure  1.  This  unit  is  much  more  rugged 
than  the  modified  engine  oil-pressure  gage  formerly 
used,  and  is  readily  accessible  for  adjustment.  It  is 
constructed  of  commercially  available  parts  and  stand- 
ard pipe  fittings. 

TIMING  AND  RECORDING  UNITS  DESCRIBED 

The  timing  unit  makes  use  of  an  electromechanical 
stepping  switch  of  the  type  employed  in  automatic 
telephony  and  known  as  the  Strowger  50-point  rotary 
switch.  This  switch  consists  of  a  number  of  wipers 
mounted  on  a  shaft  which  is  rotated  by  a  pawl-and- 
ratchet  mechanism  actuated  by  an  electromagnet.  The 
wipers  are  thus  stepped  around  over  a  number  of  fixed 
contacts  arranged  in  an  arc.  Since  the  wipers  revolve 
at  a  definite  speed,  the  amount  of  their  angular  move- 
ment is  a  measure  of  time. 

The  contacts  are  grouped  in  a  semicircular  rigid  unit 
called  a  "bank."  This  bank  consists  of  4  levels  with 
25  contacts  per  level.  The  wipers  have  a  single  wiping 
end  and  are  arranged  in  pairs;  1  wiper  in  a  pair  is  set 
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180°  behind  the  other  on  a  separate  level  of  contacts. 
The  2  wipers  constituting  a  pair  are  electrically  con- 
nected in  parallel.  Thus,  through  the  2  wipers,  access 
is  had  first  to  1  level  of  25  contacts,  and  then  to  another 
level  of  25  contacts,  a  total  of  50  contacts  per  revolution 
of  the  wiper  shaft. 

The  electromagnet  driving  the  switch  employs  a 
self-interrupted  circuit.  Upon  operating,  it  opens  its 
own  circuit,  then  restores,  thus  closing  its  own  circuit, 
in  principle  resembling  the  action  of  an  electric  buzzer. 
With  such  a  circuit  arrangement,  the  factors  which 
limit  the  rotary  speed  are  the  electrical  characteristics 
of  the  driving  magnet  and  the  mechanical  construction 
of  the  switch  mechanism.  The  construction  of  the 
rotary  switch  is  such  that  a  rotary  speed  of  55  contacts 
per  second  is  attained.  A  complete  description  of  the 
construction,  mechanical  operation,  and  adjustments 
of  the  rotary  switches  has  been  published  elsewhere.3 
It  will  suffice  here  to  state  that  the  adjustments  for  the 
rotary  switches  are  simple  and  few  in  number.  Opera- 
tion of  the  Strowger  switch  is  controlled  by  a  set  of 
quick-acting  relays  electrically  connected  to  the  air 
switches  and  actuated  by  the  latter.  Motion  of  the 
wipers  is  invariably  arrested  when  one  wiper  is  in  con- 
tact with  one  of  the  50  contacts  on  its  corresponding 
level,  and  through  the  associated  equipment  a  separate 
electrical  circuit  is  closed  to  one  of  many  recording 
elements  in  the  recording  unit. 

Under  certain  conditions  a  single  timing  unit  can  be 
used  successfully  on  a  two-lane  highway;  however,  for 
this  purpose  the  Administration  has  adopted  a  dual 
timing  unit  as  shown  in  figure  2,  consisting  of  two 
Strowger  rotary  switches  adjusted  to  the  same  fre- 
quency and  connected  to  separate  recording  units  that 
record  speeds  independently  by  lanes. 

Either  of  2  types  of  recording  units  may  be  employed 
with  the  timing  unit.  One  type  consists  of  a  standard 
20-pen  graphic  time  recorder,  mentioned  previously, 
which  utilizes  a  strip  chart.  By  using  a  novel  circuit 
arrangement  made  possible  by  an  additional  level  of 
contacts  on  the  Strowger  switch,  the  20-pen  recorder 
was  virtually  converted  into  a  39-pen  recorder.  As 
shown  in  figure  3,  2  sets  of  contacts,  consisting  of  19 
consecutive  contacts  each,  were  connected  in  parallel, 
each  pair  of  contacts  being  connected  to  an  individual 
recording  pen.  The  first  set  of  19  contacts  is  connected 
to  pens  numbered  1  to  19,  inclusive,  in  the  recorder  and 
indicates  high  speeds  in  the  first  half  of  the  speed  range. 
The  second  set  of  19  contacts  in  conjunction  with  pen 
No.  20  corresponds  to  the  second  half  of  the  speed 
range,  the  low  speeds.  Pen  20,  by  virtue  of  its  connec- 
tion to  the  additional  level  of  contacts,  serves  as  an 
indicator  of  low  speeds,  differentiating  between  the  high 
and  low  speed  ranges. 

Referring  to  figure  4,  a  high  speed  is  indicated  by  the 
movement  of  1  of  the  first  19  pens,  as  exemplified  by  A, 
whereas  a  low  speed  is  indicated  by  the  simultaneous 
movement  of  pen  20  and  any  1  of  the  other  19  pens,  as 
shown  by  B.  Pen  1,  when  operating  alone,  as  shown 
by  C,  serves  to  indicate  speeds  higher  than  the  cali- 
brated range  of  the  speedmeter.  Likewise,  pen  20, 
when  operating  alone,  as  shown  by  D,  indicates  speeds 
lower  than  the  normal  calibrated  range  of  the  speed- 
meter.  Moreover  pen  20  serves  to  indicate  the  direc- 
tion of  travel  of  a  vehicle  opposite  to  that  normally 
recorded  by  the  recorder,  as  in  the  case  of  one  vehicle 


3  Characteristics  of  Strowger  Switches,  by  K.  W.  Graybill,  Circular  No.  1641 
Automatic  Electric  Co.,  Chicago,  111. 


Figure  2. — -Timing  Unit  Used  When  Studying  Traffic  in 
Two  Lanes. 

passing  another  vehicle  within  the  fixed  distance  be- 
tween the  detectors. 

To  accomplish  the  recording  of  the  speed  and  direc- 
tion of  the  vehicle  performing  the  passing,  the  operator 
depresses  a  lever-type  key  that  reverses  the  sequential 
order  of  operation  of  the  detectors  in  the  lane  occupied 
by  the  passing  vehicle,  upon  its  approach  to  the  fixed 
detecting  zone.  The  operator  releases  the  reversing 
key  after  the  passing  vehicle  has  left  the  detecting  zone. 
When  the  reversing  key  is  depressed,  pen  20  operates 
and  remains  in  the  operated  position  for  the  duration  of 
the  recording.  A  high  speed  recording  is  shown  by  E. 
It  will  be  noted  that  in  this  example,  pen  20  was  inter- 
rupted during  the  recording  of  another  pen,  whereas  in 
the  case  of  a  low  speed  recording  shown  by  F,  pen 
20  is  not  interrupted  during  the  recording  of  another 
pen.  If  pen  20  is  interrupted  during  the  recording  of 
pen  1 ,  as  shown  by  G,  speeds  above  the  range  of  the 
speedmeter  are  indicated.  If  no  other  pen  records  while 
the  reversing  key  is  depressed,  pen  20  indicates  speeds 
below  the  range  of  the  speedmeter  as  shown  by  H. 
OPERATION  of  speedmeter  outlined 

Figure  5  shows  a  speedmeter  employing  two  20-pen 
graphic  recorders.  The  third  graphic  recorder  shown 
in  this  figure  is  used  in  connection  with  a  placement 
detector  for  recording  the  transverse  positions  of 
vehicles  and  will  be  discussed  later. 

The  second  type  of  recording  unit  consists  of  a  bank 
of  20  counters  of  the  type  employed  as  telephone  call 
registers.  Each  counter  is  individually  connected  to 
a  separate  group  of  contacts,  ranging  from  1  to  4  con- 
tacts per  group,  on  2  levels  of  the  Strowger  switch, 
as  shown  in  figure  6.  The  circuit  is  arranged  so  that 
counter  No.  1  records  speeds  above  the  calibrated  range 
of  the  speedmeter  and  counter  No.  20  records  speeds 
below  the  range  of  the  speedmeter.  The  calibrated 
range  of  speeds  is  recorded  on  counters  Nos.  2  to  19, 
inclusive.  Each  counter  records  a  group  of  speeds  as 
determined  by  the  number  of  contacts  to  which  it  is 
connected.  In  contrast  with  the  other  recording  unit, 
this  type  does  not  record  individual  speeds  but  simply 
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Figure  3. — Wiring  Diagram  of  Single  Timing  Unit  for  Use  With  a  20->Pen  Graphic  Recorder. 


accumulates  the  group  speeds  on  the  series  of  counters. 
No  provision  is  made  for  indicating  direction  of  travel 
although  the  circuit  arrangement  permits  the  use  of 
the  manually  controlled  direction-reversing  key. 

Figure  7  shows  a  speedmeter  employing  a  single 
20-counter  recording  unit. 

Referring  to  the  circuit  diagram  shown  in  figure  3, 
the  operation  of  the  speedmeter  is  as  follows:  Upon 
actuation  of  detector  1  by  the  front  wheels  of  a  vehicle, 
a  circuit  to  relay  A  is  closed  causing  relay  A  to  pull  up 
in  0.0015  second,  closing  contacts  1  and  2,  4  and  5, 
and  6  and  7  simultaneously.  Contacts  1  and  2  close 
a  circuit  to  the  holding  coil  which  serves  to  keep  relay  A 
in  the  operated  position.  Contacts  4  and  5  close  a 
circuit  causing  relay  C  to  operate.  Contacts  6  and  7 
close  the  circuit  to  the  rotary  magnet  on  the  Strowger 
switch,  thus  causing  all  wipers  to  commence  rotating 
in  a  counterclockwise  direction. 


It  will  be  noted  that  the  wipers  on  levels  2  and  4 
sweep  over  the  contacts  during  the  first  half  of  a  revolu- 
tion and  wipers  on  levels  1  and  3  during  the  second 
half  of  a  revolution.  The  upper  speed  range  is  covered 
by  the  contacts  on  level  2.  The  unused  contacts  on 
level  2  represent  excessive  speeds  above  the  desired 
range.  The  speed  range  commences  with  contacts  6 
to  12,  inclusive.  These  are  wired  in  multiple  and 
connected  to  recording  pen  1,  which  represents  speeds 
above  the  calibrated  range.  At  the  same  instant  that 
the  wipers  commence  to  rotate,  contacts  1  and  2  on 
the  "off-normal  springs"  open  and  contacts  3  and  4 
close.  This  is  effected  by  means  of  the  off-normal  arm 
(not  shown)  mounted  on  the  wiper  shaft.  Contacts 
1  and  2  upon  opening  serve  to  open  the  detector 
circuit  to  the  operating  coil  of  relay  A,  preventing  false 
operation  by  another  vehicle  during  the  ensuing 
period.     It  will  be  noted  that  contacts  3  and  4  on  the 
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PEN  NUMBERS 
Figure  4. — Typical  Strip  Chart  Record  Showing: 

Normal       Opposite 
direction      direction 

Highspeed A  E 

Low  speed B  F 

Speeds  above  range C  G 

Speeds  below  range D  H 

off-normal  springs  parallel  contacts  6  and  7  on  relay  A. 
Their  purpose  will  be  explained  later. 

Rotation  of  the  wipers  is  interrupted  whenever  a 
vehicle  upon  actuating  detector  2  causes  relay  B  to 
operate.  Relay  B  is  electrically  interlocked  with  relay 
C  to  prevent  false  operation ;  furthermore,  relay  B  can- 
not operate  unless  relay  A  has  been  operated  first,  since 
relay  A  operates  relay  C.  This  interlocking  circuit 
through  relay  C  is  for  the  purpose  of  insuring  proper 
sequence  of  operation  of  the  detectors  and  also  to  pre- 
vent false  recording  of  speeds  in  the  interval  of  time 
remaining  after  the  speed  of  one  vehicle  has  been 
recorded.  Relay  B  upon  operating  within  0.0015 
second  simultaneously  closes  contacts  1  and  2,  4  and  5, 
9  and  10,  and  opens  contacts  3  and  4,  6  and  7,  and  8 
and  9. 

The  closing  of  contacts  1  and  2  completes  the  circuit 
to  the  holding  coil  of  relay  B  causing  relay  B  to  stay 
operated.  At  the  same  time,  the  circuit  to  the  rotary 
magnet  is  opened  through  contacts  3  and  4,  thus  stop- 
ping the  rotation  of  the  wipers.  Contacts  4  and  5 
upon  closing  complete  a  circuit  to  the  recording  element 
through  the  corresponding  contact  on  the  level  and  its 
wiper.  The  wiper  remains  stationary  on  the  level 
contact  for  only  0.03  second,  which  is  the  time  required 
to  actuate  the  recording  element.     This  time  is  con- 


trolled by  the  slow-release  relay  C.  The  opening  of 
contacts  6  and  7  on  relay  B  causes  relay  A  to  drop  out 
to  its  normal  position;  whereupon  relay  A  causes  the 
slow-release  relay  C  to  open  after  a  delay  of  0.03 
second.  When  relay  C  is  de-energized,  contacts  3  and 
4  on  relay  C  open  the  circuit  of  the  holding  coil  on 
relay  B  causing  relay  B  to  release  to  its  normal  position. 
Relay  B  upon  releasing  in  0.0015  second,  permits  con- 
tacts 3  and  4  again  to  close  the  circuit  to  the  rotary 
or  driving  magnet  causing  the  wipers  to  resume  rota- 
tion for  the  remaining  part  of  the  revolution — back  to 
their  normal  position. 


Figure  5. — Graphic  Recorders  (Top)  and  Speedmeter 
Used  for  Studying  Traffic  in  Two  Lanes  in  Speed- 
Placement  Studies. 

The  resumption  of  rotation  is  referred  to  as  "homing." 
During  this  period  the  detector  circuits  remain  open 
until  the  wipers  reach  their  home  position,  at  which 
time  the  off-normal  arm  on  the  wiper  shaft  closes  con- 
tacts 1  and  2  and  opens  contacts  3  and  4  on  the  off- 
normal  springs.  The  closing  of  contacts  1  and  2  permits 
relay  A  to  be  operated  again  upon  actuation  of  detector 
No.  1.  The  opening  of  contacts  3  and  4  stops  the  ro- 
tation of  the  wipers.  The  speedmeter  is  again  in  po- 
sition for  repeating  the  above  cycle  of  operation. 

TWO  METHODS  AVAILABLE  FOR  CALIBRATING  SPEEDMETER 

Either  of  two  methods  can  be  used  in  calibrating 
the  speedmeter.  In  the  first  method,  the  frequency  of 
the  Strowger  switch,  in  contacts  per  second,  is  deter- 
mined from  one  revolution  of  the  wiper  shaft.  The 
off-normal  arm,  that  is  mounted  on  the  wiper  shaft, 
opens  and  closes  contacts  1  and  2  on  the  off-normai 
springs  once  for  each  revolution  of  the  wiper  shaft.  The 
time  taken  for  one  complete  revolution  can  be  deter- 
mined by  means  of  a  photographic  oscillograph  em- 
ploying a  D'Arsonval  galvanometer.  The  oscillograph 
is  connected  in  series  with  contacts  1  and  2  and  a 
battery  of  low  voltage  provided  with  a  suitable  current 
limiting  resistor  to  give  proper  deflection  of  the  gal- 
vanometer. Use  of  contacts  1  and  2  for  this  purpose  is 
made  prior  to  connecting  them  into  the  circuit  of  relay 
A,  as  shown  in  figure  3. 

A  typical  oscillogram  obtained  on  a  high-speed 
oscillograph  using  35-millimeter  motion-picture  film  is 
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Figure  6. — Wiring  Diagram  of  Timing  Unit  for  Use  With  a  20-Counter  Recorder. 


Figure  7. — Speedmeter  Using  a  Single  20-Counter  Record- 
ing Unit,  Used  for  Studying  Traffic  in  Two  Lanes. 


shown  in  figure  8.  As  determined  from  this  oscillo- 
gram, the  time  required  for  one  complete  revolution 
is  0.860  second.  A  and  B  denote,  respectively,  the 
opening  and  closing  of  contacts  1  and  2  on  the  off- 
normal  springs.  By  dividing  50  by  0.860,  the  Strowger 
frequency  of  58.2  contacts  per  second  is  obtained. 
Having  obtained  the  Strowger  frequency,  the  calibra- 
tion may  be  completed  graphically  from  the  curves  as 
shown  in  figure  9,  or  mathematically  as  will  be  shown 
later. 

Referring  to  figure  9,  the  Strowger  frequency  is  shown 
by  the  straight-line  curve.  The  hyperbolic  curves  are 
speed  versus  time  curves  for  three  detector  spacings. 
From  these  curves  the  maximum  speed  for  each  con- 
tact is  obtained,  beginning  with  contact  13  which 
represents  pen  2  in  the  graphic  recording  unit;  contact 
14  which  represents  pen  3,  etc.  A  complete  calibration 
for  the  speedmeter  using  a  20-pen  graphic  recorder  and 
a  detector  spacing  of  24  feet  is  shown  by  table  1.  A 
complete  calibration  for  the  speedmeter  using  a  single 
20-counter  recording  unit  and  a  detector  spacing  of  24 
feet  is  shown  by  table  2. 
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The  second  method  that  may  be  employed  in  cali- 
brating the  speedmeter  uses  a  stroboscopic  photo- 
electric timing  device  developed  by  the  Administration. 
This  device,  shown  in  figure  10,  consists  of  an  electrically 
driven  turntable  whose  periphery  is  precisely  graduated 
into  200  equal  divisions.  Mounted  on  the  turntable  are 
two  vertical  shields;  one  permanently  mounted  at  the 
zero  index,  the  other  adjustable  angularly  along  the 
graduated  scale.  Upon  rotation  of  the  turntable,  these 
shields  serve  to  interrupt  a  horizontal  beam  of  light  that 
is  projected  into  a  photoelectric  cell  which  in  turn 
actuates  a  relay.  A  second  relay  of  the  slow-release 
type  is  controlled  by  the  photoelectric  relay  and 
functions  as  a  single-pole,  double-throw  switch,  switch- 
ing alternate  pulses  of  the  photoelectric  relay  in  response 
to  the  interruptions  of  the  light  beam.  These  pulses 
simulate  the  actuation  of  the  two  detectors  by  a  vehicle 
and   are   transferred    to   the  speedmeter  through   this 


Figure   8.- — Oscillogram   Obtained   for   Speedmeter   Cali- 
bration. 

switching  relay  which  is  manually  reset  for  each  interval 
of  time  used  in  calibrating  the  speedmeter. 

The  electrically  driven  turntable  is  a  modified  con- 
ventional type  using  a  110-volt,  alternating-current 
induction  motor  that  is  governor-controlled.  Since  the 
standard  turntables  that  are  equipped  with  synchronous 
motors  are  designed  for  speeds  other  than  the  desired 
speed  of  60  r.  p.  m.,  the  induction  motor  type  was 
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Table  1. — Calibration  for  speedmeter,  detectors  spaced  2 -■{  feci  apart 


Contact 
No.  (C) 

Recordei 

pen  No. 

Maxi- 
mum 
speed 

Difference 

Maxi- 
mum 
variation 

Average 
speed 

M.  p.  h. 

M.  p.  h. 

12 

1 

79.  3 

6.1 

±3.05 

76.2 

13 

2 

73.2 

5.2 

2.6 

70.6 

14 

3 

08.0 

4.5 

2.25 

65.7 

15 

4 

63.5 

4.0 

2.0 

61.5 

16 

5 

59.  5 

3.4 

1.7 

57.8 

17 

6 

56.  1 

3.2 

1.6 

54.5 

18 

7 

52.9 

2.8 

1.4 

51.5 

19 

8 

50.1 

2.5 

1.25 

48.8 

20 

9 

47.6 

2.2 

1.1 

46.5 

21 

10 

45.4 

2.  1 

1.05 

44.3 

22 

11 

43.3 

1.9 

.95 

42.3 

23 

12 

41.4 

1.7 

.85 

40.5 

24 

13 

39.7 

1.6 

.8 

38.9 

25 

11 

38,  l 

1.4 

.  7 

37.4 

26 

IS 

36.7 

1.4 

.7 

36.0 

27 

16 

35.3 

1.3 

.65 

34.6 

28 

17 

34.0 

1.  1 

.55 

33.4 

29 

18 

32.9 

1.  1 

.55 

32.3 

30 

19 

31.8 

1.  1 

.55 

31.2 

31 

1  &20 

30.7 

.9 

,45 

30.2 

32 

2  &  20 

29.8 

.9 

.45 

29.3 

33 

3  &  20 

28.9 

.9 

.45 

28.4 

34 

4  &  20 

28.0 

.8 

.4 

27.6 

35 

5  &  20 

27.2 

.7 

.35 

26.8 

36 

6  &  20 

26.  5 

.7 

.35 

26.  1 

37 

7  &  20 

25.8 

.7 

.35 

25.4 

38 

8  &  20 

25.1 

.7 

.35 

24.7 

39 

9  &  20 

24.4 

.6 

.3 

24.1 

40 

10  Si  20 

23.8 

.6 

.3 

23.5 

41 

11  &  .'(i 

23.2 

.5 

.25 

22.9 

42 

12  &  20 

22.7 

.5 

.25 

22.4 

43 

13  Si  20 

22.2 

.5 

.25 

21.9 

44 

14  A-  20 

21.7 

.5 

.25 

21.4 

45 

15  &  20 

21.2 

.5 

.25 

20.9 

46 

16  &  20 

20.7 

.4 

.2 

20.5 

47 

17  &  20 

20.3 

.4 

.2 

20.1 

48 

18  &  20 

19.9 

.4 

2 

19.7 

49 

19  &  20 

19.5 

.4 

.2 

19.3 

50 

20 

19.1 

Table  2. — Calibration  for  20-counter  speedmeter,  detectors  spaced 
24  feel  apart 


<  Hunter 
No. 

Maximum 
speed 

Difference 

Maximum 

variation 

Average 

speed 

M.  p.  h. 

M.  p.  h. 

1 

79.3 

6.1 

±3.05 

76.2 

2 

73.2 

5.2 

2.6 

70.6 

3 

68.0 

4.5 

2.25 

65.7 

4 

63.5 

4.0 

2.0 

61.5 

5 

59.5 

3.4 

1.7 

57.8 

6 

56.  1 

3.2 

1.6 

54.5 

7 

52.  9 

2.8 

1.4 

51.5 

8 

50.1 

2.5 

1.25 

48.8 

9 

47.6 

2.2 

1.1 

46.  5 

10 

45.4 

4.0 

2.0 

43.4 

11 

41.4 

3.4 

1.7 

39.7 

12 

38.0 

2.9 

1.  15 

36.  5 

13 

35.  1 

2.4 

1,  2 

33.9 

14 

32.7 

3.0 

1.5 

31.2 

15 

29.7 

2.5 

1.25 

28.  4 

16 

27.2 

2.2 

1.  1 

26.  1 

17 

25.  0 

2.4 

1.2 

23.8 

18 

22.6 

2.0 

1.0 

21.6 

19 

20  6 

1.5 

.75 

19.8 

20 

19.1 

selected  because  it  permitted  this  speed  to  be  obtained 
by  a  slight  adjustment  of  the  governor  that  is  controlled 
manually.  The  speed  of  the  turntable  is  maintained 
constant  through  the  use  of  a  stroboscope.  A  strobo- 
scope disk  is  mounted  on  the  turntable  and  a  neon  lamp 
with  a  reference  index  is  mounted  directly  over  the 
disk.  Since  the  turntable  revolves  at  the  rate  of  1 
revolution  per  second,  each  of  the  200  divisions  on  the 
graduated  scale  represents  0.005  second.  Obviously, 
any  fraction  of  a  second  can  be  obtained  by  adjustment 
of  the  movable  shield,  although  for  all  practical  pur- 
poses sufficient  precision  is  obtained  in  selecting  inter- 
vals of  time  to  within  a  half  of  the  smallest  division, 
i.  e.,  0.0025  second. 

In  calibrating  the  speedmeter  (fig.  11),  several  inter- 
vals of  time  are  selected  and  the  operation  of  pens  cor- 
responding to  these  intervals  is  noted.  The  maximum 
time  for  each  interval  is  established  by  increasing  the 


time  until  an  adjacent  pen  in  the  recorder  operates. 
By  plotting  the  maximum  time  versus  Strowger  con- 
tacts, a  straight-line  relation  such  as  that  shown  in  fig- 
ure 9  is  obtained  which  indicates  the  Strowger  frequency. 


Figure    10. — Photoelectric    Stroboscopic    Timing    Device 
Used  in  Calibrating  Speedmeter. 

calibration  data  may  be  easily  calculated 

The  calibration  data  shown  in  table  1  may  be  ob- 
tained more  rapidly  and  accurately  by  a  simple  mathe- 
matical means. 

It  is  assumed  that  the  vehicle  is  moving  at  a  constant 
speed  during  the  time  of  the  measurement  and  it  is 
known  that  during  this  time  the  wiper  of  the  Strowger 
switch  is  moving  over  its  contacts  at  a  uniform  rate. 
These  two  motions  can  be  simply  expressed  and  related 
for  the  common  time  interval  so  as  to  give  directly  the 
number  of  the  contact  point  on  which  the  wiper  will 
stop  for  any  vehicle  speed  and  detector  spacing. 

The  motion  of  the  vehicle  may  be  expressed  as 

*-? 

in  which  S=  speed, 

D= distance  (between  detectors), 
i  =  time  of  transit. 
As  already  pointed  out,  this  relation  is  shown 
ically  by  the  hyperbolic  curves  in  figure  9. 

The  travel  of  the  Strowger  switch  wiper  may 
expressed  thus 
C=fl 
in  which  C=the  number  of  the  contact  on  which  the 
wiper  will  stop, 
/=the  switch  frequency, 
tf  =  the     time    during    which     the    Strowger 
switch  is  operating. 
This  is  the  equation  of  the  straight  line  in  figure  9. 

The  time  under  consideration  is  common  to  both 
movements  permitting  the  equating  of  the  two  expres- 
sions.    This  results  in  the  equation 


graph- 
be 


S^ 


I>fk 
'  C 


in  which  S= vehicle  speed  in  miles  per  hour, 

D= detector  spacing  in  feet, 

/=  Strowger  switch  frequency  in  contacts  per 
second, 

C=the  number  of  the  switch  contact  on  which 
the  wiper  will  stop, 

£  =  a  conversion  constant  (0.682)  which  per- 
mits S  to  be  expressed  in  miles  per  hour. 
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Figure  11. — Photoelectric  Stroboscopic  Timing  Device  Being  Used  to  Calibrate  Speedmeter. 


In  this  expression  it  is  apparent  that  for  any  given 
switch  frequency  and  detector  spacing,  S  and  C  are  the 
only  variables. 

When  calculating  speed  values,  such  as  are  shown  in 
table  1,  the  maximum  speeds  listed  in  the  third  column 
are  based  on  the  corresponding  values  of  C  given  in  the 
first  column.  The  average  speed  values  shown  in  the 
sixth  column  may  be  calculated  directly  with  the  for- 
mula by  assigning  values  of  12%,  13%,  14%,  etc.,  to  C. 

Once  the  speedmeter  is  calibrated,  it  is  capable  of 
retaining  its  calibration  over  a  long  period  of  usage. 
Periodic  checks  on  the  calibration  have  revealed  the 
remarkable  stability  of  the  Strowger  switch  frequency. 
This  feature  accounts  for  its  chief  advantage  in  field  use, 
eliminating  the  necessity  of  hourly  or  daily  calibration, 
as  required  by  other  types  of  speedmeters.  In  one 
instance,  the  speedmeter  was  in  use  for  over  175  hours, 
recording  the  speeds  of  approximately  60,000  vehicles, 
during  which  time  the  calibration  remained  constant. 

The  speedmeter  can  be  adapted  for  other  purposes  in 
connection  with  traffic  safety.  By  certain  modifica- 
tions, it  can  be  used  to  control  the  lighting  of  warning 
signs  to  speeders  on  the  highway  and  simultaneously 
to  actuate  a  signal  at  highway  patrol  police  stations 
indicating  presence  and  direction  of  travel  of  the 
speeder  on  the  highway.  The  device  can  also  be 
adapted  to  control  traffic  lights  in  vehicular  tunnels  for 
the  purpose  of  regulating  the  flow  of  traffic. 

TRANSVERSE  POSITIONS  OF  VEHICLES  IMPORTANT 

Simultaneously  with  the  development  of  the  speed- 
meter, a  device  by  which  the  transverse  positions  of 
vehicles  on  the  pavement  could  be  automatically 
recorded  was  being  developed.  Such  information  is 
needed  for  two  purposes:  (1)  To  determine  economical 
lane  widths  for  various  speeds  and  types  of  traffic ;  and 
(2)  to  study  the  behavior  of  traffic  under  various  high- 
way and  roadside  conditions.  These  two  purposes  are 
closely  related,  yet  entirely  distinct  from  one  another. 

Analysis  of  the  transverse  positions  of  vehicles  on 
the  highway  requires  a  delimiting  of  their  paths. 
Under  normal  conditions,  with  no  interfering  traffic, 
vehicles  will  travel  at  such  distances  from  the  center  or 
edge  of  the  pavement  as  the  inclinations  or  habits  of 

2177S0— 40 2 


the  drivers  dictate.  It  is  to  be  expected  that  the 
majority  of  vehicle  paths  will  be  concentrated  on  a 
portion  of  the  pavement  only  slightly  wider  than  the 
average  car.  If  the  few  extreme  cases  are  excluded, 
the  area  along  the  pavement  traversed  by  the  remain- 
ing large  majority  of  the  vehicles  will  define  the  vehicle 
path  on  that  particular  highway.  If  the  cross  section 
is  properly  designed  and  vehicular  movement  is  reason- 
ably controlled,  it  may  be  expected  that  this  path  will 
lie  well  within  the  proper  traffic  lane.  If,  however, 
shoulders  are  poor  or  lane  widths  are  too  narrow,  tins 
path  may  be  shifted  toward  the  center  of  the  pavement 
until  it  may  even  overlap  the  normal  path  of  vehicles 
traveling  in  the  opposite  direction,  with  consequent 
increase  in  hazard.  On  a  well-designed  road,  properly 
used,  this  path  should  parallel  the  center  line,  neither 
swerving  toward  the  edge  when  meeting  vehicles  moving 
in  the  opposite  direction  nor  veering  toward  the  center 
when  passing  roadside  objects  such  as  culvert  headwalls, 
bridge  abutments,  posts,  or  trees. 

The  determination  of  the  most  appropriate  combina- 
tion of  lane  width  and  shoulder  width  and  type  on 
normal  tangent  alinement  is  thus  the  first  purpose  of 
these  studies.  The  second  main  purpose  is  to  discover 
the  effect  on  normal  driving  practice  of  curves  of  vary- 
ing degrees,  of  the  presence  of  roadside  objects  such  as 
guardrails,  narrow  culverts,  and  other  objects  encroach- 
ing on  the  normal  shoulder  width,  and  of  high  curbs, 
overgrown  shoulders,  or  other  features  which  may  have 
a  considerable  psychological  effect  on  the  driver. 

These  studies  are  directed  toward  economy  of  high- 
way construction,  for  they  will  show,  not  only  how  wide 
traffic  lanes  should  be,  but  also  how  narrow  they  can 
be,  and  whether  the  use  of  a  paved  shoulder  may  have 
the  effect  of  a  greater  lane  width  by  inducing  vehicles 
to  travel  nearer  the  edge  of  the  pavement.  They  will 
also  have  an  equal  if  not  greater  value  as  a  means  of 
studying  traffic  safety,  particularly  as  it  is  affected  by 
highway  design. 

Practically  all  attempts  to  analyze  the  causes  of  acci- 
cents  have  been  based  upon  the  questioning  of  the  driv- 
ers involved  or  upon  attempted  reconstruction  of  the 
events  immediately  preceding  accidents.  General  ob- 
servations of  driver  behavior  and  detailed  studies  of 
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driving  practice,  in  other  phases  of  the  special  studies 
now  being  conducted  by  the  Public  Roads  Administra- 
tion, lead  to  the  belief  that  it  is  remarkable,  not  that 
so  many  accidents  occur,  but  that  they  are  so  few  in 
number.  While  many  obvious  examples  of  faulty  driv- 
ing are  found  when  accidents  occur,  a  far  greater  num- 
ber are  found  in  normal  traffic  movement  in  which  no 
accidents  occur.  The  reason  that  these  faulty  prac- 
tices did  not  result  in  misfortune  is  that  all  the  condi- 
tions necessary  for  an  accident  were  not  present.  If 
any  features  of  the  design  of  the  highway  are  responsi- 
ble for  or  contribute  to  faulty  driving  which  occasion- 
ally produces  collisions  or  mishaps,  they  can  be  detected 
far  more  readily  by  a  study  of  the  behavior  of  the  tens 
or  hundreds  of  thousands  of  vehicles  that  move  without 
mishap,  whether  or  not  safely,  than  by  the  most  critical 
examination  of  the  actions  of  the  few  that  are  unfor- 
tunate because  circumstances  combined  against  them. 

The  device  that  has  been  developed  to  permit  the 
recording  of  this  vehicle  path,  or  the  transverse  posi- 
tions of  all  vehicles,  employs  for  its  detecting  element  a 
modification  of  a  so-called  positive-contact  detector 
previously  developed  and  patented  by  the  Public  Roads 
Administration  and  used  in  other  studies.  This  original 
detector  consisted  of  two  spring-steel  strips  20  feet  long, 
separated  from  one  another  by  means  of  a  rubber  arch. 
This  arch  is  depressed  by  the  passage  of  a  vehicle,  thus 
bringing  the  strips  into  contact  and  completing  an 
electrical  circuit.  This  detecting  element  was  encased 
in  still  another  arch  of  similar  type  to  exclude  moisture. 
With  lead  wires  connected  to  the  steel  strips,  it  has 
served  very  effectively  for  the  detection  of  vehicles 
when  used  with  automatic  traffic  counters. 

Modification  of  this  detector  to  permit  the  recording 
of  transverse  position  required  the  dividing  of  one  of  the 
steel  strips  into  a  number  of  individual  segments,  to 
each  of  which  a  separate  lead  wire  is  attached.  Vehicles 
passing  over  the  strip  then  deflect  individual  sections 
of  the  strip  and  make  contacts  only  at  points  corre- 
sponding to  the  positions  of  the  wheels  on  the  pavement. 
Each  of  the  lead  wires  is  connected  to  an  individual  pen 
in  the  same  type  of  graphic  time  recorder  used  in  the 
other  phases  of  this  study  so  that  the  wheel  positions 
are  automatically  recorded  on  the  strip  chart.  Indi- 
vidual segments  are  1  foot  long,  divided  into  a  "live" 
section  1){  inches  long  and  a  "dead"  section  4%  inches 
long.  This  combination  of  live  and  dead  sections 
insures  the  recording  of  all  wheels  but  prevents,  for 
most  vehicles,  the  recording  of  the  same  wheel  on 
adjacent  segments.  Vehicles  equipped  with  unusually 
wide  tires  or  with  dual  tires  will  actuate  two,  or  perhaps 
more,  adjacent  segments,  but  it  has  been  found  in 
practice  that  passenger  cars  seldom  are  so  recorded. 
Thus  trucks  and  busses  are  almost  invariably  self- 
identified  even  without  the  manual  classification 
normally  made  as  an  integral  feature  of  these  studies. 

EQUIPMENT  USEFUL  IN  MAKING  MANY  TYPES  OF  STUDIES 

As  a  result  of  this  development  work,  there  are  now 
available  and  in  operation  three  distinct  types  of  appa- 
ratus adapted  either  for  use  independently  or  in  com- 
bination with  one  another.  The  first  is  the  speed 
counter  with  which  vehicle  speeds  may  be  determined 
and  their  records  accumulated  on  a  series  of  counters. 
This  device  is  useful  where  general  observations  of 
traffic  speed  are  desired.  Average  speeds  and  speed 
distribution  may  be  determined  accurately,  the  results 
being  available  almost  immediately  upon  completion 
of  the  field  work.     Typical  uses  are  found  in  studies 


of  the  effect  on  speed  of  highway  lighting,  of  enforce- 
ment policies,  or  of  various  features  of  the  highway 
design  in  which  identification  of  particular  vehicles  is 
unimportant. 

The  second  type  of  apparatus  is  the  speedmeter,  with 
which  the  speed  of  each  vehicle  may  be  measured  and, 
by  means  of  a  related  graphic  recorder,  individually  and 
automatically  recorded.  It  is  more  precise  in  its  record 
than  the  speed  counter,  and  is  useful  wherever  the  speeds 
of  individual  vehicles  must  be  identified.  The  results 
may  be  obtained  only  after  the  chart  records  have  been 
transcribed  in  the  office.  The  feature  of  individual 
vehicle  recording  is  essential  in  a  study  of  highway 
capacity. 

The  third  type  of  apparatus  is  the  placement  detector, 
with  which  the  transverse  positions  of  all  vehicles  are 
separately  recorded.  Since  speed  is  expected  to  be  a 
factor  in  vehicle  placement,  this  device  is  invariably 
used  in  combination  with  the  speedmeter. 

The  speed  records  collected  in  conjunction  with  the 
placement  records  are  those  needed  in  an  analysis  of 
highway  capacity.  Similarly,  if  the  placement  detec- 
tor is  used  in  conjunction  with  the  speedmeter  at  the 
locations  where  studies  of  highway  capacity  are  being 
conducted,  information  on  vehicle  paths  will  be  auto- 
matically collected  as  a  byproduct  of  the  capacity 
study.  It  has  been  customary,  therefore,  to  collect 
complete  information  on  both  phases  of  the  work  at 
every  location  studied,  regardless  of  the  primary  pur- 
pose of  the  operation  at  any  particular  spot. 

There  are  distinct  differences  in  the  conditions  that 
are  important  in  either  of  these  types  of  studies,  how- 
ever, even  though  the  analyses  are  based  on  the  same 
type  of  data,  and  generally  it  is  not  possible  to  schedule 
a  single  series  of  observations  to  satisfy  the  require- 
ments of  both  studies.  Accordingly,  the  work  of  a 
particular  study  is  seldom  directed  equally  toward  the 
two  different  objectives,  but  rather  is  concentrated  on 
the  one  objective  of  primary  importance,  with  the 
additional  data  considered  as  an  inexpensive  yet 
valuable  byproduct. 

In  addition  to  satisfying  these  primary  require- 
ments, the  equipment  has  made  possible  a  variety  of 
studies  not  heretofore  possible  because  means  of 
conducting  them  had  been  inadequate  or  completely 
lacking.  Among  special  purpose  studies  that  have 
been  considered  but  on  which  work  has  not  yet  been 
undertaken  are  the  following: 

1 .  Effect  of  curvature  and  superelevation. — The  degree 
of  curve  that  can  be  permitted  and  the  superelevation 
that  must  be  introduced  in  order  to  encourage  vehicles 
to  negotiate  curves  without  tendency  to  deviate  from 
their  proper  traffic  lanes  may  be  readily  studied  with 
this  equipment. 

2.  Effect  of  spiraling. — By  installing  the  speed  and 
placement  detectors  at  various  points  along  curves  and 
for  short  distances  preceding  or  following  them,  the 
effect  of  any  such  treatment  may  be  evaluated.  This 
type  of  study  may  be  based  upon  a  determination  of 
the  average  paths  of  all  vehicles  at  the  different  points 
or,  by  some  modification  of  the  apparatus,  the  paths 
taken  by  particular  vehicles  as  they  traverse  the  curve 
may  be  observed. 

3.  The  effect  of  vehicle  length. — The  extent  to  which 
long  vehicles  or  combinations  such  as  tractor-truck 
semitrailers  tend  to  track  off  line  and  thus  require  addi- 
tional pavement  width  on  curves,  whether  proper 
superelevation  will  eliminate  this  effect,  or  whether  side 
slippage  of  the  rear  wheels  of  a  trailer,  under  certain 
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conditions,  might  have  the  reverse  effect,  can  be  readily 
determined.  In  addition  to  determining  the  speeds 
and  positions  of  such  vehicles,  the  wheelbase  lengths 
may  also  be  recorded  without  requiring  that  any  vehicles 
be  stopped  or  otherwise  measured. 

4.  The  effect  of  special  design  features,  as  at  intersec- 
tions.— The  areas  of  pavement  used  by  vehicles  in  nego- 
tiating intersections  or  other  special  highway  design 
features  may  be  investigated  by  the  placement  detec- 
tors to  assist  in  eliminating  unused  areas  in  future 
designs. 

RECORD  CHARTS  EASILY   ANALYZED 

In  the  use  of  these  devices,  one  speedmeter  is  nor- 
mally required  for  each  lane  of  traffic  to  be  observed, 
although  in  very  light  traffic  or  for  special  purposes  one 
speedmeter  may  be  made  to  serve  for  more  than  one 
lane  by  providing  detectors  for  each  lane  and  a  related 
switch  to  make  either  detector  operative  as  desired. 
Generally,  provision  is  made  for  complete  records  on  a 
two-lane  road  by  incorporating  into  one  unit  of  equip- 
ment two  speedmeters  and  one  placement  detector 
each  connected  to  one  of  three  mechanically  coupled 
graphic  recorders.  For  three-  or  four-lane  roads,  one 
unit  is  installed  on  either  side  of  the  road,  and  the  two 
are  synchronized  by  simultaneous  records  made  with  a 
telegraph  key  in  series  with  one  pen  in  each  graphic 
recorder. 

Two  men  are  required  to  operate  each  unit  which  is 
installed  in  a  light  panel-body  truck  or  station  wagon, 
enabling  work  to  be  conducted  under  all  light  ami 
weather  conditions.  The  detectors  are  placed  at  the 
desired  point  on  the  road  surface  and  the  truck  con- 
cealed from  view  well  off  the  road.  Figure  12  shows 
the  detectors  as  installed  in  a  typical  set-up.  Strips 
1  and  4  are  the  speedmeter  detectors,  strip  2  is  the 
placement  detector,  and  strip  3  is  a  detector  for  an 
automatic  counter  used  so  that  the  observer  may 
check  the  rate  of  traffic  flow  at  any  time. 

Although  the  speedmeters  function  automatically  so 
long  as  traffic  moves  normally  in  the  proper  lane,  the 
direction  of  the  meters  must  be  reversed  in  case  one 
vehicle  passes  another  or  for  some  other  reason  occu- 
pies the  left  lane.  Commercial  vehicles  are  classified 
as  they  pass,  and  by  means  of  a  telegraph  key  in  series 
with  one  graphic  recorder  pen,  each  is  recorded  on  the 
chart  m  a  suitable  code  symbol  in  accordance  with 
whether  it  is  a  light,  medium,  or  heavy  truck  or  a  bus. 
Tractor-truck  semitrailer  and  truck-trailer  combina- 
tions can  be  identified  on  the  chart  by  the  number  of 
axles  recorded  by  the  placement  detector.  In  addition 
to  this  constant  classification  of  the  traffic,  the  time  of 
day  is  indicated  on  the  charts  at  regular  intervals, 
again  by  telegraph  key  and  a  suitable  code,  so  that  the 
chart  speed  may  be  accurately  checked  and  the  records 
later  broken  down  into  any  desired  time  periods. 

Mechanization  of  the  field  procedure  has  virtually 
eliminated  the  personal  element  m  the  accuracy  of  the 
recording,  an  important  factor  m  work  that  is  rapidly 
expanding  and  consequently  must  be  performed  by 
many  different  individuals.  Further,  the  standardized 
equipment  not  only  improves  the  accuracy  of  the  partic- 
ular studies,  but  insures  that  all  studies  will  be  made  on 
a  comparable  basis.  Of  great  importance  also,  is  the 
reduction  in  cost.  Field  work  under  this  new  procedure 
costs  less  than  one-third,  and  analysis  less  than  one- 
fourth,  the  ccst  using  earlier  methods. 

Two  units  of  this  equipment,  to  permit  observations 
on  roads  up  to  four  lanes  in  width,  have  been  in  prac- 
tically continuous  use  since  July  1939  by  the  Public 
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Roads  Administration  iti  cooperation  with  interested 
States,  generally  through  the  planning  survey  organi- 
zations. Work  has  been  conducted  on  highway 
capacity  and  vehicle  behavior  in  Massachusetts, 
Illinois,  and  Texas.  Special  driver  studies  have  been 
conducted  in  Connecticut  and  South  Carolina  in  con- 
junction with  the  American  Association  of  Motor 
Vehicle  Administrators.  Special  studies  of  the  effect 
of  highway  lighting  were  conducted  in  Ohio.  Further 
studies  are  scheduled  in  other  States  for  the  spring  and 
summer  of  1940.  Other  units  are  being  assembled 
expressly  to  be  loaned  to  interested  States  to  permit 
them,  with  their  own  highway  planning  survey  per- 
sonnel, to  conduct  exhaustive  vehicle-behavior  studies. 
One  such  unit  has  already  been  used  in  Minnesota,  and 
others  will  be  available  shortly  for  further  studies 
already  agreed  upon.  Wi  th  such  active  participation 
long-needed  data  on  the  effectiveness  of  different  high- 
way designs  will  rapidly  become  available. 

As  an  example  of  the  type  of  data  obtained,  figures 
compiled  from  a  portion  of  the  records  obtained  at  one 
location  in  Massachusetts  are  presented.  This  con- 
crete road  was  20  feet  wide,  flanked  by  3-foot  asphalt 
shoulders,  beyond  which  were  gravel  shoulders  of 
variable  width.  The  general  alinement  of  the  highway 
was  fairly  good  and  the  sight  distance  at  the  particular 
point  exceeded  a  half  mile  in  each  direction.  Massa- 
chusetts has  a  30-mile-per-hour  prima  facie  speed 
limit,  but  speeds  of  50  miles  per  hour  in  daylight  and 
45  at  night  are  generally  not  considered  unreasonable. 
The  figures  analyzed  here  are  based  on  observation  of 
approximately  1,100  vehicles,  a  number  ample  for 
purposes  such  as  determining  average  speed  or  speed 
distribution,  but  insufficient  to  permit  a  breakdown 
into  many  subdivisions.  The  results  must  be  con- 
sidered, therefore,  as  illustrative  of  procedure  only  and 
without  significance  as  to  the  effect  of  particular  high- 
way conditions.  Significant  results  will  be  obtained 
only  from  a  critical  analysis  of  similar  records  covering 
longer  periods  at  many  locations. 

Portions  of  the  three  synchronized  charts  on  which 
the  records  from  this  section  appear  are  shown  in  figure 
13.  The  center  chart  shows  the  transverse  positions. 
The  lines  numbered  from  1  to  10  represent  the  south  side 
of  the  road,  on  which  eastbound  traffic  normally  moved, 
and  pens  11  to  20  represent  the  north  side,  or  the  lane 
of  westbound  traffic.  The  charts  above  and  below  are 
the  speedmeter  charts,  the  upper  one  corresponding  to 
placement  pens  11  to  20  and  the  lower  one  to  placement 
pens  1  to  10. 

The  type  of  vehicle  is  manually  recorded  by  means  of 
a  telegraph  key  in  series  with  pen  20  of  the  placement 
recorder.  If  it  is  evident  that  pen  20  may  be  actuated 
by  the  vehicle  in  question,  the  manual  record  of  the 
classification  is  delayed  momentarily,  but  otherwise  it 
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Figure  13. — Portions  of  Three  Synchronized  Charts,  Showing  Samples  of  Record  Obtained  on  Vehicle   Speed   and 
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appears  in  line  with  the  wheel  records  so  there  is  no 
difficulty  in  interpretation  of  the  chart  records.  The 
longitudinal  spacing  as  well  as  the  transverse  position 
is  normally  determined  from  the  placement  chart,  each 
transverse  line  representing  1  second  in  time  at  the 
normal  chart  speed  of  6  inches  per  minute. 

The  speed  of  each  vehicle  can  readily  be  obtained 
from  the  upper  and  lower  charts,  the  mark  in  each  case 
being  in  line  with  the  record  of  the  transverse  position 
as  shown  on  the  middle  chart.  The  speeds  shown  beside 
each  mark  represent  the  average  of  the  range  of  speeds 
included  in  the  particular  speed  group.  The  speed  re- 
corded as  34.6  miles  per  hour,  for  example,  may  actu- 
ally be  anywhere  between  34  and  35.3  miles  per  hour. 

PLACEMENT  DETECTOR  GIVES  PRECISE  RESULTS 

Thus  for  individual  vehicles  the  speeds  and  speed 
differences  may  be  slightly  in  error,  but  such  errors  will 
be  compensated  for  and  their  effects  nullified  by  the  large 
number  of  vehicles  that  will  be  included  in  the  various 
speed  and  speed  difference  groups. 

As  mentioned  before,  the  data  may  be  analyzed  for 
purposes  of  studying  both  highway  capacity  and 
vehicle  behavior.  Here  the  primary  purpose  was  to 
supply  data  on  highway  capacity,  and  the  effect  of  the 
particular  conditions  on  traffic  behavior  was  secondary. 
During  the  hours  in  which  these  records  were  collected, 
very  little  change  in  volume  occurred,  so  no  attempt 
has  been  made  to  show  here  the  effect  of  volume  changes 
on  any  of  the  congestion  indexes.  These  indexes  have 
been  calculated,  however,  for  later  use  in  studying  the 
effect  of  various  traffic  volumes  on  this  section  from 
the  complete  records. 

It  was  found  that  the  average  speed  of  all  vehicles, 
with  the  average  volume  of  375  vehicles  per  hour,  was 
41.0  miles  per  hour;  that  the  average  free  speed  of 
passenger  cars  (when  no  vehicle  moving  in  the  same 
direction  was  closer  than  6  seconds  ahead  and  no 
vehicle  moving  in  the  opposite  was  closer  than  5  seconds 
ahead  or  2lA  seconds  behind)  was  41.6  miles  per  hour; 
and  the  average  free  speed  of  trucks  was  34.5  miles 
per  hour.  The  average  speed  difference  was  6.1  miles 
per  hour.  It  is  of  interest  that  these  figures  all  lie 
within  the  range  for  these  same  indices  found  on  roads 
of  similar  alinements  in  the  earlier  studies  under  the 
method  previously  used.4  The  close  agreement  be- 
tween the  average  free  speed  and  the  average  speed  of 
all  vehicles,  and  the  relatively  high  average  speed 
difference  show  this  road  to  be  practically  uncongested 
at  this  traffic  volume. 

A  further  break-down  of  these  vehicle  speeds  is  shown 
in  figure  14.  No  trucks  traveling  freely  moved  faster 
than  50  miles  per  hour,  and  no  free-moving  passenger 
car  moved  faster  than  60  miles  per  hour.  The  modal 
averages  of  these  classes  of  vehicles  fell  in  the  35-39 
and  40-44  mile-per-hour  groups,  respectively.  It  was 
of  interest  that  0.1  percent  of  all  vehicles,  traveled 
more  than  70  miles  per  hour;  and  that  while  but  1 
percent  traveled  at  60  miles  per  hour  or  faster,  all  such 
vehicles  were  so  placed  with  respect  to  the  other  units 
of  the  traffic  stream  that  their  behavior  may  have 
been  influenced  by  the  presence  of  these  other  vehi- 
cles. If  so,  the  influence  apparently  was  not  a  retard- 
ing one.  Because  the  limits  of  the  speed  groups  as 
recorded  by  the  speedmeter' are  not  exactly  uniform, 
the  speed  distributions  were  first  plotted  in  a  cumula- 
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tive  curve  from  which  the  number  or  percentage  of 
vehicles  in  uniform  groups  of  the  desired  size  were 
scaled. 

The  distribution  of  the  time  spacings  is  another  index 
regularly  determined  in  these  analyses.  These  figures 
are  of  particidar  value  in  coordinating  the  results  of 
the  congestion  studies  with  those  obtained  in  the  pass- 
ing-practice studies.  The  time  spacings  of  all  vehicles 
traveling  in  the  same  direction  are  plotted  as  a  fre- 
quency distribution  in  figure  15,  a  further  break-down 
for  those  below  10  seconds  being  shown  separately. 

It  is  of  interest  to  compare  these  figures  with  the 
general  trends  of  traffic  flow  discovered  in  the  earlier 
studies.  Almost  invariably  it  was  found  that  between 
two-thirds  and  three-fourths  of  the  vehicles  traveled  at 
or  less  than  the  average  spacing.  Here  66  percent  are 
found  to  be  traveling  at  or  less  than  the  average  of  19.1 
seconds.  Similarly,  previous  analyses  have  shown  that 
approximately  half  the  vehicles  travel  at  half  the  average 
spacing  or  less,  and  this  distribution  shows  48  percent 
not  exceeding  9.5  seconds.  It  was  not  surprising  to  find 
verification  of  these  tendencies.  Such  close  agreement 
not  only  confirms  the  validity  of  the  figures  collected 
under  the  previous  manual  methods  of  recording,  but 
also  shows  that  figures  developed  from  future  studies 
may  be  combined  with  those  collected  in  the  past  work 
without  regard  to  the  method  by  which  any  group  was 
obtained.    The  radical  change  in  the  field  procedure  does 


42 


PUBLIC  ROADS 


Vol.  21,  No.  2 


FREQUENCY  DISTRIBUTION  OF  TIME  SPACINGS  -  ALL  VEHICLES 


^AVERAGE  =  19  1 

1 

1               1 , . 

10  20  30  40  50  60  70  80  90         100 

SPACING  BETWEEN  VEHICLES-SECONDS 


DISTRIBUTION  OF  TIME  SPACINGS    OF   10  SECONDS  OR  LESS 


0123456789  10 

spacing  between  vehicles- seconds 

Figure  15. — Frequency  Distribution  of  Time  Spacings  op 
Vehicles. 

PASSENGER  CARS 

SPEED  40-49    MR  H. 
60 

50 

40 

30 
20 
10 

0 

60 
50 
Ifi 

JO 

20 

10 
0 

0    1234501    23456789 

edge  clearance  -  feet 

-Edge    Clearances    of    Passenger    Cars    and 
Trucks  Moving  Freely. 


SPEED   30-39    MP  H 

AVERAGES 

3 

> 

^AVERAGE  =3.2 

AVERAGE = 2   1 

f. 

\ 

TRUCKS 

jAVERAGE"  1.7 

1 

Figure    16. 


not,    as    a    consequence,    require    any    change   in    the 
treatment  of  the  resulting  data. 

Many  valuable  uses  will  be  found  for  the  information  on 
vehicle  placement  (fig.  1 6-20) .  Some  of  these  uses  will  be 
shown  by  the  results  presented  here,  but  as  mentioned  be- 
fore, the  significance  is  severely  limited  by  the  size  of  the 
sample.  First,  however,  it  is  of  interest  to  examine  the 
precision  of  the  records.  The  placement  strip  will 
record  the  position  of  a  wheel  of  a  particular  vehicle  to 
the  nearest  foot  only,  although  if  each  placement  is 
assumed  to  be  in  the  center  of  the  segment  of  the  strip 
actuated,  the  maximum  error  in  the  record  of  the  place- 
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Two  Speed  Ranges  and  Traveling  at  Various  Time 
Spacings  Behind  Preceding  Vehicles. 

ment  of  a  particular  wheel  will  be  6  inches.  The  posi- 
tion of  the  average  vehicle,  however,  may  be  found  with 
a  high  degree  of  precision.  Since  the  positions  of  both 
right  and  left  wheels  are  recorded,  the  difference  between 
the  positions  of  the  average  left  and  right  wheels  should 
equal  the  tread  width  of  the  average  vehicle. 

In  transcribing  the  field  records  it  is  customary, 
where  the  record  for  one  side  of  the  vehicle  appears  on 
two  adjacent  segments,  to  record  the  wider  of  the  two 
rather  than  the  average.  The  field  records,  therefore, 
should  agree  more  closely  with  the  rear  or  wider  tread 
than  with  the  average.  The  average  tread  width  of  all 
passenger  cars  was  found  from  the  field  records  to  be  4.92 
feet.  The  average  rear-tread  width  of  vehicles,  as  ob- 
tained from  manufacturers'  specifications  and  weighted 
approximately  in  accordance  with  the  occurrence  of 
cars  of  various  makes  in  the  traffic  stream,  was  also 
found  to  be  4.92  feet.  This  absolute  agreement  be- 
tween the  two  is  perhaps  a  coincidence,  but  it  demon- 
strates that  use  of  the  placement  strip  with  1-foot 
segments  insures  satisfactory  precision. 


April  1940 


PUBLIC  ROADS 


43 


70 
60 
50 
40 

30 
20 
10 
0 

50 
40 
30 
10 
10 
0 

50 
40 
(0 

CO 
10 

o 

60 
50 

40 
30 
20 

10 
0 


PASSENGER  CARS  MEETING  PASSENGER  CARS 

EDGE  CLEARANCE  CLEARANCE  8ETWEEN  WHEELS 

CARS  TRAVELING  FROM  30-39  M  P  H   MEETING  CARS  TRAVELING  FROM  30-39  MPH 


rAVERA&E    2   4 


--AVERAGE    5i' 

' r 

1 
1 
1 
i 
1 
1 
i 
1 
1 
1 
1 

1 
1 

.   ,    r~ 

H         . 

CARS  TRAVELING  FROM  6069  MPH    MEETING  CARS  TRAVELING  FROM  60-49  M  PH 


r 

AVERAGE    24  ' 

, 

AVERAGE    5.6  -~1 


CARS  TRAVELING  30-39  M  RH 
MEETING  CARS  TRAVELING  60-49  MPH 


CLEARANCE  BETWEEN  MEETING  VEHICLES  WHEN 

ONE  VEHICLE  IS  TRAVELING  BETWEEN  30-39  M  PH 

ANOTHE  OTHER  BETWEEN  40-69  MPH 


, AVERAGE    2.5' 

— 

' 1            1 

CARS  TRAVELING  40-69  MPH. 
MEETING  CARS  TRAVELING  30-39  MPH 


^AVERAGE    2.0 

1 

AVERAGE    5  B 


X 


EDGE  CLEARANCE  -  FEET 


2   3    4   5   6    7    8 
VEHICLE  CLEARANCE- FEET 


Figure  18. — Edge  Clearances  and  Vehicle  Clearances  of 
Passenger  Cars  Traveling  at  Various  Speeds  Meeting 
Other   Passenger   Cars   Traveling   at   Various   Speeds. 

faster  cars  travel  nearer  center  of  road 

The  transverse  position  of  a  vehicle  on  the  road  sur- 
face is  likely  to  be  influenced  by  a  variety  of  factors 
both  internal  and  external.  The  internal  factors  are 
largely  dependent  on  the  psychological  make-up  of  the 
driver,  and  generally  are  measurable  only  to  the  extent 
that  they  are  reflected  in  the  speed  and  placement  of  the 
vehicle.  These  psychological  factors  may  be  more 
positively  evaluated  by  subsequent  questioning  of  the 
drivers  in  a  manner  now  being  explored  in  cooperative 
studies  with  a  number  of  motor-vehicle  departments. 
The  external  factors  may  be  roughly  divided  into  three 
broad  groups:  The  physical  features  at  or  near  the 
point  of  study;  the  presence  of  vehicles  moving  in  the 
same  direction  as  the  vehicle  under  consideration;  and 
the  presence  of  vehicles  moving  in  the  opposite  direction. 

Invariably  at  least  two  of  these  factors  exert  their 
influence  in  combination,  and  the  effect  of  a  single 
factor  can  never  be  directly  determined.  The  effect  of 
physical  features  may  be  determined  with  the  least 
complication  by  selecting  for  analysis  only  vehicles  that 
are  uninfluenced  by  other  vehicles,  although  the  com- 
bined effect  of  physical  features  and  opposing  traffic 
must  also  be  investigated.  In  order  to  include  in  this 
category    a    sufficient    number    from    this    particular 
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Figure  19. — Edge  Clearances  and  Vehicle  Clearances  of 
Passenger  Cars  Traveling  at  Various  Speeds  Meeting 
Trucks  Traveling  at  Various  Speeds. 


sample  of  1,100  vehicles,  free-moving  vehicles  were 
considered  to  be  those  that  had  not  met  another 
car  for  2}{  seconds,  would  not  meet  another  for  5 
seconds,  and  followed  a  vehicle  in  the  same  direction 
by  at  least  6  seconds.  A  vehicle  to  be  met  5  sec- 
onds later  would  be  recorded  as  crossing  the  place- 
ment strip  10  seconds  after  the  car  in  question,  since 
the  meeting  would  take  place  midway  (in  time)  between 
the  original  positions.  Previous  studies  have  shown 
that  drivers  may  be  affected  by  the  presence  of  a 
vehicle  ahead  moving  in  the  same  direction  when  the 
spacing  between  them  becomes  less  than  9  seconds. 
This  spacing  would  be  preferable  to  the  6  seconds  used 
here  but  would  have  unduly  restricted  the  size  of 
the  sample. 

Figure  16  shows  the  edge  clearances  of  passenger  cars 
and  trucks  under  these  conditions.  The  edge  clearance 
is  the  distance  between  the  edge  of  the  pavement  and 
the  center  of  the  outside  tire.  Only  two  speed  groups 
are  shown  because  in  other  groups  the  samples  were  too 
small.  Under  the  conditions  at  that  particular  point, 
trucks  moved  closer  to  the  edge  of  the  pavement  than 
did  passenger  cars,  and  the  faster  passenger  cars  tended 
to  move  somewhat  nearer  the  center  of  the  road  than 
did  the  slower  moving  cars.  Assuming  6^  feet  as  the 
width  of  a  passenger  car,  98  percent  of  the  passenger  cars 
traveling  between  30  and  39  and  94  percent  of  those 
traveling  between  40  and  49  miles  per  hour,  were  entirely 
in  their  own  lane,  and  presumably,  therefore,  would  not 
have  collided  with  properly  driven  cars  in  the  other  direc- 
tion even  without  swerving  to  the  right  on  meeting  these 
other  vehicles.  Similarly  95  percent  of  the  slower 
trucks  and  all  of  the  faster  trucks  were  entirely  in  their 
own  lane.  Some  such  index  as  this  will  permit  compari- 
sons between  various  cross-section  designs  on  a  mathe- 
matical basis,  so  that  the  effectiveness  of  any  combina- 
tion of  roadway  features  may  be  exactly  evaluated. 
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Figure  20. — Edge  Clearances  of  Passenger  Cars  and  Trucks  Traveling  at  Various  Speeds  Meeting  Other  Passenger 

Cars  and  Trucks  Traveling  at  Various  Speeds. 


The  presence  of  vehicles  moving  just  ahead  of  the  one 
under  consideration  and  in  the  same  direction  affects 
vehicle  placement,  as  shown  in  figure  17.  At  the  top, 
for  comparative  purposes,  is  shown  the  transverse  dis- 
tribution of  vehicles  moving  freely  (with  no  vehicle 
closer  than  6  seconds  ahead).  It  is  of  interest  that  as 
the  distance  between  vehicles  becomes  less,  the  following 
vehicles  tend  to  travel  nearer  the  center,  possibly  to 
provide  better  visibility  of  the  road  ahead.  Following 
of  this  tendency  by  successive  vehicles  of  a  group  would 
result  in  the  rearmost  vehicles  assuming  highly  hazard- 
ous positions. 

VEHICLES  TRAVEL  CLOSER  TO  EDGE  WHEN  MEETING 
ONCOMING   TRAFFIC 

Figure  18  shows  the  edge  clearances  and  the  distances 
between  passenger  cars  meeting  other  passenger  cars 
approximately  on   the  placement  strip,  and  figure   19 


shows  the  same  information  for  passenger  cars  meeting 
trucks.  In  this  category  are  included  vehicles  crossing 
the  strip  within  1  second  of  one  another,  which  is 
equivalent  to  meeting  or  having  met  within  ){  second. 
In  analysis  this  number  was  divided  into  three  groups: 
Those  meeting  exactly  at  the  strip;  those  crossing  the 
strip  within  }{  second;  and  those  crossing  the  strip 
between  }{  and  1  second  of  one  another.  So  little  dif- 
ference was  found  in  the  averages  for  the  three  classi- 
fications that  they  were  grouped  together. 

This  figure  shows  that  the  average  passenger  car  on 
meeting  another  vehicle  moves  toward  the  edge  of  the 
pavement  somewhat,  with  the  faster  vehicles  traveling 
as  close  to  the  edge  or  closer  than  the  slower  group. 
This  latter  fact  is  of  interest  because,  as  shown  by 
figure  16,  the  average  car  of  the  faster  group  drove 
normally  at  3.2  feet  from  the  edge  as  compared  to  2.8 
feet  for  the  average  car  in  the  slower  group.     Drivers 
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of  the  faster  cars  allowed  an  equal  or  greater  margin 
of  clearance  on  meeting  other  cars  than  did  slower 
drivers,  but  were  required  to  move  laterally  a  greater 
distance  to  do  so. 

A  summation  of  vehicle  clearances  aids  in  obtaining 
a  further  indication  of  the  accuracy  with  which  the 
position  of  the  average  vehicle  may  be  determined. 
The  two  edge  clearances,  the  tread  widths,  and  the 
clearance  between  these  meeting  vehicles  should  total 
the  pavement  width.  In  the  three  classifications  shown 
for  passenger  cars  in  figure  18,  these  distances  add  to 
20.0,  20.2,  and  20.1  feet,  respectively,  the  maximum  er- 
ror being  1  percent.  Such  close  agreement  is  neither 
expected  nor  attained  in  the  case  of  the  trucks,  however, 
because  of  the  small  sample  and  the  greater  variation 
in  truck  tread  widths. 

Since  the  average  passenger  car  is  driven  somewhat 
closer  to  the  center  of  the  road  when  not  opposed  by 
other  vehicles,  and  moves  toward  the  edge  on  meeting 
another  car,  it  is  of  interest  to  find  at  what  distance 
from  the  opposing  vehicle  this  lateral  movement  is 
begun.  If,  for  example,  the  effect  of  an  oncoming  vehi- 
cle becomes  noticeable  when  that  car  is  10  seconds  away, 
it  is  reasonable  to  assume  that  the  sight  distance  pro- 
vided should  be  the  distance  traveled  in  10  seconds  by 
a  vehicle  moving  at  the  design  speed,  in  order  to  permit 
drivers  to  perform  this  lateral  transition  normally. 
This  distance,  which  might  be  termed  the  "meeting" 
sight  distance  can,  under  certain  conditions  of  aline- 
ment  and  highway  usage,  be  more  important  from  a 
standpoint  of  safety  than  mere  stopping  sight  distance. 

Measurement  of  the  lateral  movement  of  a  vehicle 


as  it  meets  another  is  simply  a  matter  of  determining 
the  average  transverse  positions  of  vehicles  when  oppos- 
ing vehicles  are  various  distances  away.  Since  pari  icu- 
lar  distances  between  meeting  vehicles  exist  only 
instantly,  rather  than  continuously  as  for  cars  moving 
at  the  same  speed  in  the  same  direction,  a  very  large 
volume  of  traffic  must  be  observed  to  obtain  a  usable 
sample  of  "opposing"  spacings.  From  this  particular 
sample  it  was  impossible  to  relate  the  transverse  posi- 
tions to  opposing  spacings  closely  enough  to  determine 
when  the  lateral  transition  began.  Figure  20  shows, 
however,  the  average  positions  of  vehicles  possibly 
affected  by  opposing  vehicles  (i.  e.,  having  met  another 
vehicle  within  2%  seconds  or  about  to  meet  one  within 
5  seconds  but  not  meeting  another  vehicle  within  % 
second  of  crossing  the  placement  strip).  As  should  be 
expected,  the  average  transverse  position  of  all  vehicles 
about  to  meet  others  falls  between  that  for  vehicles 
actually  meeting  others  and  vehicles  moving  freely. 
It  is  of  interest,  however,  from  a  point  of  view  of  relia- 
bility of  the  data,  that  this  condition  was  found  invari- 
ably in  all  the  classifications  of  speed  and  vehicle  type. 
As  stated  before,  the  relationships  shown  here  are 
intended  merely  to  show  the  manner  in  which  the  trans- 
verse placement  data  may  be  used.  With  a  greater 
volume  of  information,  additional  relationships  may  be 
found,  and  the  analyses  greatly  refined.  With  such 
indexes,  established  for  the  more  common  combinations 
of  standards  of  surface  and  shoulder  design,  and  hori- 
zontal and  vertical  alinement,  the  effectiveness  of  design 
features  need  not  be  based  on  opinion  and  judgment; 
their  actual  merit  may  be  definitely  evaluated 


FIVE  BULLETINS  ON  BRIDGE  FLOOR  DESIGN  AVAILABLE 


Five  bulletins  on  bridge  floor  design,  whose  availabil- 
ity for  free  distribution  has  previously  been  announced 
in  PUBLIC  ROADS,  may  still  be  obtained  from  the 
Public  Roads  Administration.  The  publications,  all 
University  of  Illinois  Bulletins,  are: 

No.  303 — Solutions  for  Certain  Rectangular  Slabs 
Continuous    Over    Flexible    Supports. 

No.  304 — A  Distribution  Procedure  for  the  Analy- 
sis of  Slabs  Continuous  Over  Flexible 
Beams. 

No.  313— Tests  of  Plaster-Model  Slabs  Subjected 
to  Concentrated  Loads. 

No.  314 — Tests  of  Reinforced  Concrete  Slabs  Sub- 
jected to  Concentrated  Loads. 


No.  315 — Moments  in  Simple  Span  Bridge  Slabs 
with  Stiffened  Edges. 

The  bulletins  are  the  result  of  a  cooperative  investi- 
gation by  the  Engineering  Experiment  Station  of  the 
University  of  Illinois,  the  Illinois  Division  of  Highways, 
and  the  Public  Roads  Administration  of  the  Federal 
Works  Agency. 

The  results  of  this  investigation  have  direct  applica- 
tion  to  practically  all  modern  highway  bridges  and  to 
many  other  structural  design  problems. 

A  limited  number  of  these  bulletins  are  still  available 
for  free  distribution.  Requests  should  be  addressed  to 
the  Public  Roads  Administration,  Federal  Works 
Agency,  Washington,  D.  C. 
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PUBLICATIONS  of  the  PUBLIC  ROADS  ADMINISTRATION 


Any  of  the  following  publications  may  be  purchased  from 
the  Superintendent  of  Documents,  Government  Printing  Office, 
Washington,  D.  C.  As  his  office  is  not  connected  with  the 
Agency  and  as  the  Agency  does  not  sell  publications,  please 
send  no  remittance  to  the  Federal  Works  Agency. 

ANNUAL  REPORTS 

Report   of    the   Chief  of   the   Bureau   of   Public   Roads,    1931. 

10  cents. 
Report    of    the   Chief   of   the   Bureau   of   Public   Roads,    1933. 

5  cents. 
Report    of   the   Chief   of   the   Bureau   of   Public   Roads,    1934. 

10  cents. 
Report    of    the   Chief   of   the   Bureau  cf   Public   Roads,    1935. 

5  cents. 
Report    of   the   Chief   of   the   Bureau   of   Public   Roads,    1936. 

10  cents. 
Report    of    the   Chief   of   the   Bureau   of   Public   Roads,    1937. 

10  cents. 
Report    of    the   Chief   of   the   Bureau   of   Public   Roads,    1938. 

10  cents. 
Report    of   the  Chief   of   the   Bureau  of   Public   Roads,    1939. 

10  cents. 


HOUSE  DOCUMENT  NO.  462 

Part  1 
Part  2 


Part  3 

Part  4 
Part  5 

Part  6 


Nonuniformity  of  State  Motor-Vehicle  Traffic 
Laws.     15  cents. 

Skilled  Investigation  at  the  Scene  of  the  Acci- 
dent Needed  to  Develop  Causes.     10  cents. 

Inadequacy  of  State  Motor-Vehicle  Accident 
Reporting.     10  cents. 

Official  Inspection  of  Vehicles.     10  cents. 

Case  Histories  of  Fatal  Highway  Accidents. 
10  cents. 

The  Accident-Prone  Driver.     10  cents. 


MISCELLANEOUS  PUBLICATIONS 

No.  76MP   .    .   The  Results  of  Physical  Tests  of  Road-Building 

Rock.     25  cents. 
No.  I9IMP.    .    Roadside  Improvement.     10  cents. 
No.  272MP.    .   Construction  of  Private  Driveways.     10  cents. 
No.  279MP.    .    Bibliography  on  Highway  Lighting.     5  cents. 
Highway  Accidents.     10  cents. 
The  Taxation  of  Motor  Vehicles  in  1932.     35  cents. 
Guides  to  Traffic  Safety.     10  cents. 
An  Economic  and  Statistical  Analysis  of  Highway-Construction 

Expenditures.     15  cents. 
Highway  Bond  Calculations.     10  cents. 
Transition  Curves  for  Highways.     60  cents. 
Highways  of  History.     25  cents. 


DEPARTMENT  BULLETINS 

No.  1279D   .    .    Rural  Highway  Mileage,  Income,  and  Expendi- 
tures, 1921  and  1922.     15  cents. 
No.  1486D   .    .   Highway  Bridge  Location.     15  cents. 

TECHNICAL  BULLETINS 

No.  55T   .    .    .   Highway  Bridge  Surveys.     20  cents. 
No.  265T.    .    .    Electrical    Equipment    on    Movable    Bridges. 
35  cents. 


Single  copies  of  the  following  publications  may  be  obtained 
from  the  Public  Roads  Administration  upon  request.  They  can- 
not be  purchased  from  the  Superintendent  of  Documents. 

MISCELLANEOUS  PUBLICATIONS 

No.  296MP.    .    Bibliography  on  Highway  Safety. 

House  Document  No.  272   .    .    .   Toll  Roads  and  Free  Roads. 

Indexes  to  PUBLIC  ROADS,  volumes  6-8  and  10-19,  inclusive. 

SEPARATE  REPRINT  FROM  THE  YEARBOOK 

No.  I036Y   .    .   Road  Work  on  Farm  Outlets  Needs  Skill  and 
Right  Equipment. 

TRANSPORTATION  SURVEY  REPORTS 

Report  of  a  Survey  of  Transportation  on  the  State  Highway 

System  of  Ohio  (1927). 
Report  of  a  Survey  of  Transportation  on  the  State  Highways 

of  Vermont  (1927). 
Report  of  a  Survey  of  Transportation  on  the  State  Highways 

of  New  Hampshire  (1927). 
Report  of  a  Plan  of  Highway   Improvement  in  the  Regional 

Area  of  Cleveland,  Ohio  (1928). 
Report  of  a  Survey  of  Transportation  on  the  State  Highways 

of  Pennsylvania  (1928). 
Report   of   a   Survey  of  Traffic  on   the   Federal-Aid   Highway 

Systems  of  Eleven  Western  States  (1930). 

UNIFORM  VEHICLE  CODE 

Act  I. — Uniform  Motor  Vehicle  Administration,  Registration, 
Certificate  of  Title,  and  Antitheft  Act. 

Act  II. — Uniform  Motor  Vehicle  Operators'  and  Chauffeurs' 
License  Act. 

Act  III.     Uniform  Motor  Vehicle  Civil  Liability  Act. 

Act  IV. — Uniform  Motor  Vehicle  Safety  Responsibility  Act. 

Act     V. — Uniform  Act  Regulating  Traffic  on  Highways. 

Model  Traffic  Ordinances. 

A  complete  list  of  the  publications  of  the  Public  Roads  Ad- 
ministration, classified  according  to  subject  and  including  the 
more  important  articles  in  PUBLIC  ROADS,  may  be  obtained 
upon  request  addressed  to  Public  Roads  Administration,  Willard 
Bldg.,  Washington,  D.  C. 
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LOCAL  IMPOSTS  ON  MOTOR  VEHICLES 

IN  MISSOURI 

By  JOHN  H.  LONG,  State  Manager,  and  BAILEY  H.  MAYES,  Financial  Manager,  Missouri  State-wide  Highway  Planning  Survey 


DETAILED  data  about  the  extent  and  incidence  of 
State  highway-user  imposts  have  been  collected 
and  are  being  analyzed  in  46  States  in  connection 
with  the  State-wide  highway  planning  surveys.  Infor- 
mation about  similar  local  taxation  is  also  essential  for 
highway  finance  planning.  Progressive  changes  in 
State  and  local  tax  policies  and  methods  can  be  made 
only  if  adequate  information  is  available  to  indicate  the 
probable  effect  of  any  proposed  changes  on  local  govern- 
mental operation. 


owners  residing  within  the  limits  of  the  municipality 
levying  the  particular  tax  or  fee.  Complete  data  on  this 
phase  of  local  taxation  in  all  States  are  not  yet  available. 
Initial  inquiry  was  made  into  the  legal  status  of  local 
mo  tor- vehicle  taxation  in  Missouri.  Limits  on  the 
rates  of  municipal  license  fees  were  first  provided  in 
1919.  Since  that  time  several  changes  in  the  law  have 
been  made  and  the  State  license  fees,  forming'tbe  basis 
upon  which  the  local  fees  were  charged,  have  been  re- 
vised.    Two    conflicting    provisions    for    limiting    the 


Over  $65,000,000  was  collected  in  Missouri  through  State  and  local  motor-vehicle  imposts  during  the 
3-year  period  1934-36. 

License  fees  and  motor-fuel  taxes  imposed  by  Missouri  municipalities  represented  $10,658,000,  or 
16.1  percent,  of  the  total  motor-vehicle  imposts.  Of  this,  $4,742,000  was  collected  in  local  license  fees 
and  $5,916,000  in  municipal  motor-fuel  taxes. 

State  imposts  of  $55,402,000,  or  83.9  percent  of  the  total,  were  derived  from  $24,687,000  of  motor- 
vehicle  registration  and  allied  fees  and  $30,715,000  of  motor-fuel  taxes. 

Local  license  fees  or  motor-fuel  taxes  were  imposed  in  289,  or  37.2  percent,  of  the  778  incorporated 
places  in  the  State.  All  places  with  a  population  of  5,000  or  more  imposed  one  or  both  of  these  taxes,  so 
that  91.7  percent  of  the  people  living  in  incorporated  places  in  Missouri  were  subject  to  these  imposts. 

Local  motor-fuel  taxes  were  not  as  commonly  used  as  local  license  fees.  In  17  municipalities  the 
motor-fuel  tax  was  the  only  local  motor-vehicle  impost,  while  in  223  places  the  license  fee  was  the  sole 
local  motor-vehicle  impost,  and  in  49  places  both  types  of  impost  were  employed. 

During  the  3-year  period  studied  the  average  Missouri  motor-vehicle  owner  living  in  a  municipality 
where  local  highway-user  taxes  were  imposed  paid  $3.28  in  local  license  fees  and  $5.33  in  local  motor-fuel 
imposts.  Payments  in  Kansas  City  and  St.  Louis  in  the  same  period  for  city  license  fees  were  $4.33  and 
$4.30  per  vehicle,  respectively,  while  city  motor-fuel  taxes  amounted  to  $6.86  and  $5.57  per  vehicle, 
respectively. 

Receipts  from  local  mo  tor- vehicle  imposts  did  not  increase  as  rapidly  during  the  1934-36  period  as  did 
receipts  from  State  motor-vehicle  imposts.  Relatively  greater  ease  of  evasion  of  local  taxes  as  well  as 
other  difficulties  encountered  in  their  collection  appear  to  limit  their  effectiveness  as  sources  of  local  revenue. 


Information  concenung  the  extent  and  incidence  of 
State  highway -user  taxes  in  Missouri  has  been  made 
available  by  the  State-wide  highway  planning  survey 
initiated  in  Missouri  in  1935.  Similar  information 
about  local  taxes  imposed  on  motor-vehicle  owners  in 
Missouri  was  collected  for  the  3-year  period,  1934-36. 

Local  taxes  on  motor-vehicle  owners  as  reported  in 
this  study  are  of  two  t3rpes — local  license  fees  and  local 
motor-fuel  taxes. 

The  local  motor-fuel  taxes  are  comparable  with  the 
State  motor-fuel  taxes  utilized  by  all  States  to  raise 
revenue  for  highway  purposes.  Missouri  is  one  of  only 
seven  States  in  which  local  governmental  units  levy 
taxes  on  motor  fuels.  Some  counties  in  Alabama  and 
Mississippi  collect  such  taxes  whde  cities  and  towns  in 
Alabama,  Florida,  Louisiana,  Missouri,  New  Mexico, 
and  Wyoming  collect  motor-fuel  taxes  at  varying  rates. 
The  maximum  rates  of  local  motor-fuel  tax  charged  hi 
the  several  States  are  shown  in  table  1. 

Local  motor-vehicle  license  fees  are  used  much  more 
extensively  than  are  local  motor-fuel  taxes.  Missouri 
is  one  of  several  States  in  wliich  these  taxes  are  levied. 
They  are  called  variously  license  fees,  wheel  taxes,  city 
tag  fees,  etc.,  and  are  levied  against  the  motor- vehicle 

224541—40 1 


rates  charged  by  cities  and  towns  were  contained  in  the 
Missouri  statutes  from  1929  until  1935.  Partly  because 
of  the  changes  in  the  laws  and  the  confusion  resulting 
from  the  conflicting  provisions,  a  number  of  different 
schedules  of  maximum  local  license  fees  have  been  in 
effect. 


Table   1- 

-Maximum  gasoline  tax  rates  in 
motor-fuel  taxation  in  1939 

States  ha 

ving  local 

State 

Gasoline  tax  per  gallon 

State 

County  i 

City  or 
town  ' 

$0.06 
.07 
.07 
.06 
.02 
.05 
.04 

$0.03 
.03 

$0.  02 

Florida                                    

.01 

».02 

.01 

New  Mexico ..-  .  - ---  -- 

.01 

Wyoming..  .         .  .  _  -.. 

.01 

:  Highest  rate  reported  in  any  county,  city,  or  town. 
2  New  Orleans  repealed  its  2-cent  tax  Oct.  1.  1939. 


The  various  steps  by  which  these  rates  have  developed 
and  the  evolution  of  the  present  schedule  are  discussed 
in  detail  in  the  Appendix  to  this  report,  page  61.     At 
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the  present  time  any  city  or  town  wishing  to  initiate 
such  local  taxation  may  establish  license  rates  at  not  to 
exceed  one-tliird  of  the  present  State  rates.  Cities 
that  collected  local  license  fees  prior  to  1933  are  per- 
mitted to  continue  charging  rates  in  excess  of  the  later 
limits.     The  maximum  legal  rates  are  shown  in  table  2. 

Table  2.-  -Comparative  schedules  of  Missouri  motor-vehicle  license 

fees 


PASSENGER 

CARS 

Basis  of  foe 

State  rate 

established 

1933-34 

Maximum  legal,  rate  for 
cities    that    adopted 
local  license  fees — 

Prior  to 
1933' 

After  1933 « 

$5.00 
8.50 
11.00 
20.00 
25.00 
31.50 
37.50 

$2.50 
4.25 
5.50 
7.50 
8.50 
10.50 
12.50 

$1.66 

2.88 

3.66 

6.66 

8.33 

GO  and  less  than  72  horsepower 

10.50 

12.50 

COMMERCIAL  VEHICLES 


$10. 50 
18.00 
27.00 
30.00 
36.00 

15.00 

$3.50 
6.00 
9.00 
10.00 
12.00 

5.00 

$3.50 

6.00 

9.00 

10.00 

7  and  less  than  8  tons .-.  _- 

12.00 

For  every  ton  or  major  fraction  thereof  in 
excess  of  8  tons -.  -  - 

5.00 

1  Equal  to  one-third  of  1925  State  license  fee  rates  except  for  passenger  cars  having 
12  horsepower  to  less  than  24  horsepower  per  vehicle.  Because  of  confusion  in  the 
law  some  cities  charged  rates  higher  than  these  legal  rates.  See  Appendix  for  dis- 
cussion of  statutory  development. 

2  Based  on  one-third  of  the  State  rates  established  in  1933-34. 

No  provision  has  been  found  in  the  Missouri  statutes 
either  specifically  permitting  or  prohibiting  cities  and 
towns  from  levying  taxes  on  gasoline.  The  1929  Re- 
vised Statutes  permit  the  larger  cities  to  license  and 
regulate  manufacturers,  merchants,  and  dealers  of  all 
kinds,  but  this  provision  has  not  been  construed  as 
specifically  applicable  to  gasoline  taxes  levied  against 
the  consumer.  Although  it  has  been  applied  to  gaso- 
line dealers,  it  does  not  appear  to  have  been  actually 
intended  as  a  gasoline  or  sales  tax  but  rather  as  a 
license  for  the  privilege  of  doing  business.  However, 
the  amount  of  tax  to  be  paid  in  the  several  cities  that 
have  used  it  has  been  determined  by  levying  a  certain 
amount  of  tax  per  gallon  of  gasoline  sold.  The  tax 
thus  works  out  practically  to  be  a  gasoline  sales  tax, 
even  though  it  apparently  should  be  considered  strictly 
an  occupation  tax,  the  1-mill  to  1-cent-per-gallon  rate 
being  merely  the  method  of  determining  the  amount 
of  the  occupation  tax  to  be  paid. 

Similar  provisions  in  the  statutes  apply  to  the 
intermediate  and  smaller  cities  and  towns  as  well  as 
the  larger  places.  Under  these  provisions,  various 
municipalities  have  passed  ordinances  placing  a  gallon- 
age  tax  on  gasoline  which,  instead  of  being  paid  by  the 
dealer  out  of  his  gross  income,  has  been  treated  as  a 
direct  tax  on  the  purchaser. 

The  general  concept,  that  the  tax  was  basically  an 
occupation  tax,  was  supported  by  the  State  Supreme 
Court  in  1924.  Nevertheless,  the  fact  that  the  tax  is 
generally  regarded  as  a  direct  tax  against  the  motorist 
is  evidenced  by  the  sales  charts  posted  on  gasoline 
pumps  in  cities  where  such  a  tax  is  collected.  A 
typical  chart  is  shown  in  figure  1. 

It  is  apparent,  then,  that  though  the  local  licensing 
of  motor  vehicles  in  Missouri  is  provided  for  by  State 
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3     3.28 

Figure  1. — Typical  Sales  Chart  Posted  on  Gasoline  Pumps 
in  Cities  Where  Local  Gasoline  Taxes  are  Collected. 

statutes,   the  status  of  the  local  motor-fuel  taxes  is 
somewhat  poorly  defined. 

data  obtained  from  questionnaires  and  highway  planning 

SURVEY 

Data  for  this  study  of  local  motor-vehicle  imposts 
in  Missouri  were  obtained  from  questionnaires  returned 
by  town  and  city  officials  throughout  the  State.  Re- 
plies were  received  from  practically  all  towns  or  cities 
that  collected  local  highway-user  taxes.  Additional 
and  supporting  information  was  also  obtained  from  the 
financial  studies  of  the  highway  planning  survey.  The 
questions  included  on  the  forms  sent  out  by  the  State 
Highway  Department  were: 

1.  Does  your  city  collect  a  city  gasoline  tax? 

2.  At  what  rate  per  gallon? 

3.  What  was  the  total  amount  collected  for  the  fiscal  years: 

1934? ;  1935? ;  1936? 

4.  Is  the  revenue  credited  to  general  revenue  account? 

5.  If  not,  to  what  special  use  is  the  revenue  put? 

6.  Does  your  city  collect  a  mot  or- vehicle  registration  fee? 

7.  At  what  rates  for  cars? __;  for  trucks? 

8.  What  was  the  total  amount  collected  for  the  fiscal  years: 

1934? ;  1935? ;  1936? 

9.  Is  the  revenue  credited  to  general  revenue  account? 
10.  If  not,  to  what  special  use  is  the  revenue  put? 

Analysis  of  the  replies  by  city  and  town  officials  to 
the  questionnaires  indicated  that  there  was  a  wide 
range  in  the  mo  tor- vehicle  license  fees  charged  in  the 
various  places.  For  passenger  cars  the  fees  ranged 
from  25  cents  to  $12.50  per  year,  while  for  trucks  the 
range  was  from  $1.50  to  $15.  In  some  places,  flat  rates 
were  charged;  in  others,  the  rates  were  based  on  the 
horsepower  of  the  vehicles.  In  some  places  the  local 
fees  were  assessed  on  the  same  basis  as  the  State  fees. 
One  city  reported  a  fee  for  trucks  only.     Some  cities 
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Table  3. — Incorporated  -places  in  Missouri  which  assessed  local  motor-vehicle  license  and  motor-fuel  taxes,  1934-36 


All  incorporated 

Places  that  reported  assessment  of  local— 

Population  group 

places  ' 

Motor-vehicle  license  fees 

Motor-fuel  taxes 

Number 

Population 

Number 

Percent 

Population 

Percent 

Number 

Percent 

Population 

Percent 

Incorporated  places  having  a  population  of— 

0-1,000 

»  587 

«  118 

»36 

21 

10 

4 

1 

1 

204,  687 
181, 065 
126, 123 
151, 136 
165,  000 
197,  725 
399,  746 
821,  960 

3  122 

82 
31 
21 
10 
4 
1 
1 

20.8 
69.5 
86.1 
100.0 
100.0 
100.0 
100.0 
100.0 

70,  444 
129,  273 
108,  723 
151, 136 
165,  060 
197,  725 
399,  746 
821,  960 

34.4 
71.4 
86.2 
100.  0 
100.0 
100.0 
100.0 
100.0 

18 
21 
8 
8 
6 
3 
1 
1 

3.1 
17.8 
22.2 
38.1 
60.0 
75.0 
100.0 
100.0 

9,662 

32, 198 

29,  628 

63,  496 

100,  285 

164,  271 

399,  746 

821,  960 

4.  7 

1,001-2,500  . 

17.8 

2,501-5,000 

23.5 

5,001-10,000  _ 

42.0 

10,001-25,000  .             

60.8 

25,001-100,000--- 

83. 1 

100  0 

St.  Louis.. 

100.0 

Total 

778 

2,  247,  502 

272 

35.0 

2, 044, 067 

90.9 

66 

8.5 

1,  621,  246 

72  1 

i  U.  S.  Bureau  of  the  Census,  1930. 

2  Includes  Des  Peres  (536)  and  Camdenton  (850)  incorporated  since  1930. 

>  One  place  in  this  group  assessed  license  fees  on  trucks  only. 

reported  that  their  ordinances  provided  for  a  license  fee 
but  that  they  had  no  collections  because  "the  car  owners 
did  not  want  to  pay  it."  In  several  places  the  wheel 
tax,  or  license  fee,  also  included  a  25-cent  fee  for  col- 
lection. Table  3  shows  the  extent  of  use  of  local 
license  fees  in  Missouri  cities  and  towns. 

Most  towns  and  cities  reported  the  same  basic  rates 
for  both  passenger  cars  and  trucks.  In  164  places  the 
same  rates  were  charged  for  all  vehicles,  while  in  28 
places  the  fees  were  graduated  on  the  same  basis  for 
passenger  cars  and  trucks.  In  some  places  these 
graduated  fees  were  based  on  one-third,  one-fifth,  or 
15  percent  of  the  State  rate;  in  others  the  rates  charged 
were  stated  as  varying  from  $1.50  to  $2.50,  or  $2  to 
$5,  or  $3  to  $6.50.  One  place  reported  that  only 
trucks  were  charged  a  license  fee  and  the  rate  was  $2 
for  all  capacities  of  trucks. 

The  rates  of  motor-fuel  taxes  charged  hi  Missouri 
localities  did  not  vary  as  greatly  as  did  the  motor- 
vehicle  license  fees,  nor  did  as  many  places  levy  this 
form  of  tax.  Table  3  also  shows  the  number  and  per- 
centage of  incorporated  places  that  levied  local  motor- 
fuel  taxes  in  1934,  1935,  and  1936. 

Almost  all  of  the  66  communities  that  levied  local 
motor-fuel  taxes  used  either  the  K-  or  1-cent  tax.  One 
town,  a  place  having  less  than  1,000  population,  had 
a  1-mill  rate  and  reported  collections  for  the  3-year 
period  of  $453.  Two  towns  reported  a  %-cent  rate; 
while  of  the  remaining  63  places,  32  used  the  %-cent 
rate  and  31  used  the  1-cent  rate.  Both  St.  Louis  and 
Kansas  City  charged  the  1-cent  rate.  The  weighted 
average  motor-fuel  tax  rates,  by  population  groups, 
are  given  in  table  4 


o  —     — 

Table  4. — Average  rates  of  motor-fuel  tax  '  levied  by    Misso 
municipalities,  1934-36 


tin 


Population  group 

Average  motor-fuel  tax  per  gallon 

1934 

1935 

1936 

1934-36 

Incorporated  places  having  a  population 
of— 
0-1,000 

$0.  0058 
.0068 
.0064 
.0068 
.0082 
.0090 
.0100 
.0100 

$0.  0057 
.0070 
.0064 
.0066 
.0083 
.0092 
.0100 
.0100 

$0.  0053 
.0071 
.0061 
.0065 
.0082 
.0091 
.0100 
.0100 

$0.  0056 

1,001-2,500-. 

.0070 

2,601-5,000 

.0063 

5,001-10,000. 

.0066 

10,001-25,000 

.0082 

25,001-100,000 

.0091 

Kansas  City 

.0100 

St.  Louis 

.0100 

Total 

.0093 

.0095 

.0095 

.0094 

'  Determined  by  weighting  collections  in  each  municipality  by  rate  of  tax  per 
gallon. 


<  Includes  Olivette  (1,180)  and  Afton  (1,200)  incorporated  since  1930. 
8  Includes  Flat  River  (2,031)  incorporated  since  1930. 


Thus,  of  the  778  incorporated  places  in  Missouri,  it 
was  found  that  223  cities  and  towns  assessed  only  a 
license  tax,  17  assessed  only  a  motor-fuel  tax  and  49 
places  assessed  both  types  of  tax.  In  all,  289  munici- 
palities in  Missouri  derived  some  revenue  from  local 
motor-vehicle  imposts  during  the  period  1934-36. 
Further  detail  of  this  information,  by  population  groups, 
is  shown  in  table  5. 

COLLECTIONS  INCREASED  EACH  YEAR  DURING  1934-36  PERIOD 

Collections  from  these  two  taxes  levied  by  local  units 
averaged  approximately  3}£  million  dollars  per  year 
for  the  period  1934-36  (table  6).  Receipts  from  local 
motor-fuel  taxes  were  higher  than  those  from  license 
fees  in  each  of  the  three  years.  Receipts  from  both 
taxes  increased  each  year.  The  individual  reports 
showed  only  3  places,  with  populations  of  854,  3,507, 
and  4,485,  that  reported  no  license  fee  collections  in 
1936  but  had  reported  collections  for  1934  or  1935  or 
for  both  years. 

Collections  from  local  license  fees  in  1936  were  less 
than  in  1934  in  80  Missouri  cities  and  towns.  Of  these 
80  towns  and  cities,  28  were  places  having  less  than 

1.000  population,  32  were  places  having  1,001  to  2,500 
population,  11  had  populations  of  2,501  to  5,000,  6 
had  populations  of  5,001  to  10,000  and  3  were  in  the 
10,001  to  25,000  population  group. 

Two  possible  reasons  for  the  decreased  license  fee 
collections  in  these  80  towns  and  cities  as  contrasted 
with  increased  registrations  for  the  entire  State  may 
be  suggested.  A  shift  in  motor-vehicle  ownership  to 
those  areas  and  places  where  no  fees  were  charged 
might  have  occurred,  but  complete  data  on  actual 
motor-vehicle  ownership  by  places  during  this  period 
are  not  available  to  prove  or  disprove  this.  The  de- 
crease may  have  been  due  also  to  less  efficient  collection 
of  the  fees  in  some  towns,  because  of  increased  opposi- 
tion to  and  evasion  of  such  charges  by  motor-vehicle 
owners. 

Total  collections  from  local  motor-fuel  taxes  in- 
creased hi  each  of  the  3  years  (except  for  the  1,001- 
2,500  population  group).  Only  18  places  reported 
collections  in  1936  that  were  lower  than  those  in  1934, 
and  2  of  these  places  had  discontinued  the  tax  since 
1934.  Four  of  the  places  that  reported  decreases  had 
populations  of  1,000  or  less,  8  had  populations  between 

1.001  and  2,500,  and  the  other  4  had  populations 
greater  than  2,500.  Three  cities  that  reported  no  local 
motor-fuel  taxes  in  1934  had  inaugurated  them  by  1936. 
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Tabli 

5  — 

Incorporated  places  in  M 

'ssouri  that  assessed  local  motor-vehicle 

imposts, 

1934- 

36 

All  incorpo- 
rated places  i 

Places  that  reported  assessment  of— 

Population  group 

Num- 
ber 

Popula- 
tion 

License  fee  only 

Motor-fuel  tax  only 

License  fee  and  motor-fuel  tax 

Total 

Num- 
ber 

Per- 
cent 

Popu- 
lation 

Per- 
cent 

Num- 
ber 

Per- 
cent 

Popu- 
lation 

Per- 
cent 

Num- 
ber 

Per- 
cent 

Popula- 
tion 

Per- 
cent 

Num- 
ber 

Per- 
cent 

Popula- 
tion 

Per- 
cent 

Incorporated  places  having  a  pop- 
ulation of — 
0-1,000     .  .. 

587 

118 

36 

21 

10 

4 

1 

1 

204,  687 
181,005 
126,  123 
151,  136 
165,  060 
197,  725 
399,  7 16 
821,  960 

111 

71 

23 

13 

4 

1 

18.9 
60.2 
63.9 
61.9 
40.0 
25.0 

63, 494 
112,483 
79,095 
87,  640 
64.  775 
33,  454 

31.0 
62.1 
62.7 
58.0 
39.2 
16.9 

27 

10 

1.2 
8.5 

2,712 
15,  408 

1.3 

8.5 

3  11 
11 

8 
<S 
6 
3 
1 
1 

1.9 
9.3 
22.2 
38.1 
60.0 
75.0 
100.0 
100.0 

6,950 
16, 790 
29,  628 
63,  496 
100,  285 
164,  271 
399,  746 
821,960 

3.4 
9.3 
23.5 
42.0 
60.8 
83.1 
100.0 
100.0 

129 

92 

31 

21 

10 

4 

1 

1 

22.0 
78.0 
86.1 
100.0 
100.0 
100.0 
100.0 
100.0 

73, 156 
144, 681 
108, 723 
151,136 
165, 060 
197,  725 
399,  746 
821, 960 

35.7 

1,001-2,500 -   . 

79.9 

2,501-5,000 

86.2 

5,001-10,000 

100.0 

10,001-25,000 

100.0 

25,001-100,000 

100.0 

100.0 

100.0 

440,941 

Total 

778 

2,  247,  502 

223 

28.7 

19.6 

17 

2.2 

18, 120 

0.8 

49 

6.3 

1,  603, 126 

71.3 

289 

37.2 

2, 062, 187 

91.7 

1  U.  S.  Bureau  of  the  Census,  1930;  see  table  3  for  revisions. 
3  One  place  reported  tax  rate  but  no  collections. 


3  In  one  place  no  license  fee  collections  were  reported,  in  another  no  gasoline  tax 
collections,  and  in  a  third  no  collections  from  either  tax  were  reported. 
1  Qasoline  tax  discontinued  in  one  place  after  1934. 


Table  6.- — Annual  collections  of  local  motor-vehicle  imposts  in  Missouri  by  population  groups,  1934-36 


Population  group 


Incorporated  places  having  a  population  of— 

0-1,000 

1,001-2,500 

2,501-5,000 

5,001-10,000 

10,001-25,000. ... 

25,001-100,000 

Kansas  City  (399,746) 

St.  Louis  (821,960)  —  . 

Total 


Annual  collections  in  Missouri  from — 


Local  license  fees  in— 


1934 


$14, 863 

46, 867 

50,  283 

95,  762 

111,368 

135, 324 

352,  271 

717,117 


1,  523,  855 


1935 


$15,  922 
48,  375 
52,  677 
92,  773 
111,215 
122,611 
365, 503 
738, 217 


1,  547,  293 


v.m 


$18, 107 
49,318 
51,757 
101,967 
117,083 
149,  337 
379,  825 
803,  981 


1,671,435 


Total 
1934-36 


$48, 952 
144,  560 
154,  717 
290,  502 
339,  666 
407,  272 
1, 097,  599 
2,  259,  315 


4,  742,  583 


Local  motor-fuel  taxes  in- 


1934 


$5, 979 
33, 910 
36,  915 
63,  917 
107,  413 
144,714 
552,  959 
626,  749 


1,  572,  556 


1935 


$6, 063 
30,  229 
36,  969 
65,  030 
108,  883 
168,  295 
582,  401 
1,  123,  162 


2, 121, 032 


1936 


$11,145 
32,  235 
39,  670 
68,  076 
115,037 
172,  686 
605,  849 
1, 177,  587 


2,  222,  285 


Total 
1934-36 


$23, 187 
96, 374 
113,554 
197,  023 
331, 333 
485,  695 
1,741,209 
2, 927, 498 


5,  915,  873 


Total  local  motor-vehicle  imposts  in— 


1934 


$20, 842 
80,  777 
87, 198 
159,  679 
218,  781 
280, 038 
905,  230 
,  343, 866 


3,096,411 


1935 


$21,  985 
78,  604 
89, 646 
157,  803 
220, 098 
290, 906 
947, 904 
1, 861, 379 


3,  668, 325 


1936 


$29, 312 
81,  553 
91,  427 
170,043 
232, 120 
322, 023 
985,  674 
1, 981,  568 


3, 893,  720 


Total 
1934-36 


$72, 139 
240,  934 
268,  271 
487,  525 
670,  999 
892, 967 
2, 838,  808 
5, 186, 813 


10, 658,  456 


Table  7. — Comparison  of  population,  registration,  and  Stale  and  local  motor-vehicle  imposts  in  Missouri,  1934-36 


Percentage  of— 

Population  group 

Total  popu- 
lation in  in- 
corporated 
places  ' 

Total  motor- 
vehicle  regis- 
tration in  in- 
corporated 
places  2 

Local  motor-vehicle  imposts  col- 
lected, 1934-36 

State  motor-vehicle  imposts  paid  by 
vehicle    owners    of    incorporated 
places,  1935  3 

License 
fees 

Motor- 
fuel  taxes 

Total  local 
imposts 

License 
fees 

Motor-fuel 
taxes 

Total  State 
imposts  * 

Incorporated  places  having  a  population  of — 

0-1,000 

9.  1 
8.0 
5.6 
0.7 
7.4 
8.8 
17.8 
36.6 

11.1 
9.8 
7.0 
8.0 
8.2 
8.3 
15.5 
32.1 

1.0 
3.1 
3.3 
6.1 
7.2 
8.6 
23.1 
47.6 

0.4 
1.6 
1.9 
3.3 
5.6 
8.2 
29.5 
49.5 

0.7 
2.2 
2.5 
4.6 
6.3 
8.4 
26.6 
48.7 

9.7 
8.6 
6.5 
7.7 
8.1 
8.2 
16.3 
34.9 

8.8 
8.0 
6.0 
7.6 
7.7 
9.6 
17.4 
34.9 

9.6 

1,001-2,500 

8.4 

2,501-5,000 

6.5 

5,001-10,000. 

7.7 

10,001-25,000 

7.8 

25,001-100,000 

9.  1 

Kansas  City  (399.746) ...  .  

16.6 

St.  Louis  (821,960) 

34.3 

Total 

100.0 

100.0 

100.0 

100.0 

100.0 

100.0 

100.0 

100  0 

i  1930  U.  S.  Census.  Includes  all  incorporated  places  whether  they  collected  local 
motor-vehicle  taxes  or  not. 

2  Based  on  highway  planning  survey  analysis  for  1935:  includes  all  incorporated 
places. 

The  percentage  relations  of  the  amounts  shown  in 
table  6  and  comparison  with  the  motor-vehicle  regis- 
trations and  the  populations  of  the  various  groups  in 
the  State  are  shown  in  table  7.  These  comparisons 
emphasize  the  great  influence  of  the  population  con- 
centrations of  Kansas  City  and  St.  Louis. 

During  the  3-year  period,  receipts  from  similar  high- 
way-user taxes  levied  and  collected  by  the  State 
amounted  to  $55,402,000,  compared  with  the  total  local 
collections  of  $10,658,456.  The  annual  receipts  from 
State  highway  user-taxes  are  shown  in  table  8.     The 


3  Based  on  highway  planning  survey  analysis. 

*  Includes  miscellaneous  fees  in  addition  to  license  fees  and  motor-fuel  taxes. 


relative  magnitude  of  local  and  State  collections  for 
each  of  the  3  years  is  also  shown  in  figure  2. 

LOCAL  COLLECTIONS  ABOUT  TWO-FIFTHS  OF  STATE  COLLECTIONS 
IN  SAME  LOCALITIES 

Another  desirable  comparison  is  that  between  the 
amounts  of  State  taxes  and  local  taxes  paid  by  motor- 
vehicle  owners  in  only  those  places  that  assessed  local 
highway-user  taxes.  In  the  highway  planning  survey 
a  study  of  motor-vehicle  allocation  determined  the 
approximate  average  amounts  of  State  (highway-user) 
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Table   8. — Collections  from   State    motor-vehicle    and    motor-fuel 
taxes  in  Missouri,  1934-36  ' 


Collections  from  State- 

Year 

License 
fees  * 

Fuel  taxes 3 

Total 

1934  

$7,  346, 000 
8, 353, 000 
8,988,000 

$9,  682, 000 
9, 845,  000 
11,188,000 

$17, 028, 000 
18, 198,  000 
20,176,000 

1935 

1938 

Total 

24, 687, 000 

30, 715, 000 

55, 402, 000 

•  State  Motor- Vehicle  Receipts,  1934,  1935,  1936;  Disposition  of  State  Motor-Fuel 
Tax  Receipts,  1934;  State  Motor-Fuel  Tax  Receipts,  1935,  1936— U.  S.  Public  Roads 
Administration. 

2  Includes  other  receipts  in  connection  with  the  registration  of  vehicles,  such  as 
receipts  for  chauffeur's  permits  and  certificates  of  title. 

3  Includes  other  receipts  in  connection  with  the  administration  of  the  motor-fuel 
tax. 

taxes  paid  by  mo  tor- vehicle  owners  in  various  popula- 
tion groups.  This  study  also  provided  data  showing 
the  approximate  numbers  of  vehicles  in  the  several 
population  groups  and  consequently  the  average  num- 
ber of  persons  per  vehicle.  Using  these  basic  deter- 
minations it  is  possible  to  compute  the  approximate 
amount  of  State  highway-user  taxes  paid  by  motor- 
vehicle  owners  resident  in  the  localities  that  also  levied 
local  motor-vehicle  and  motor-fuel  taxes.  A  summary 
of  these  computations  is  given  in  table  9. 

Table  9. — Approximate  collections  of  State  motor-vehicle  fees 
and  motor-fuel  taxes  in  Missouri  municipalities  that  levied  local 
highway-user  taxes,  1934-36 


Approximate  collections  from  State- 

Year 

License 
fees 

Fuel  taxes 

Total 

1934 _ 

$4,  279,  513 
4,  756, 408 
6, 156, 223 

$4, 336, 920 
4, 448, 914 
4, 692, 758 

$8,616,433 
9  205,322 

1935 _ 

1936 

9, 848, 981 

Total.. 

14, 192, 144 

13, 478, 592 

27, 670, 736 

Comparison  of  tables  6  and  9  indicates  that  during 
the  years  1934-36,  Missouri  localities  that  levied  motor- 
vehicle  license  fees  and  motor-fuel  taxes  collected  ap- 
proximately 33  percent  as  much  in  local  license  fees  and 
approximately  44  percent  as  much  in  local  fuel  taxes 
as  the  State  collected  in  similar  taxes  in  the  same 
localities.  Comparison  of  tables  8  and  9  indicates  that 
in  places  that  levied  local  taxes  there  was  collected  57 
percent  of  the  State  motor-vehicle  license  fees  and  44 
percent  of  the  State  motor-fuel  taxes  collected  from 
1934-36. 

Two  further  interesting  comparisons  can  be  made 
using  ]  930  census  data  for  the  populations  of  the  various 
places  that  levied  local  motor-vehicle  and  motor-fuel 
taxes  and  the  determinations  of  the  highway  planning 
survey  for  the  approximate  numbers  of  vehicles  in  the 
various  population  classifications.  These  two  com- 
parisons concern  the  collections  per  person  and  per 
vehicle  in  places  of  various  sizes.  By  disregarding 
fluctuations  over  the  3-year  period  and  by  basing  aver- 
age per-capita  and  per-vehicle  collection  computations 
on  the  total  collections  in  each  of  the  population  groups, 
on  the  total  population  involved  and  on  the  total  num- 
ber of  vehicles  involved,  the  comparisons  shown  in 
figures3  to  6,  inclusive,  have  been  made. 

It  will  be  seen  in  figures  3  and  5  that  average  collec- 
tions of  local  motor-vehicle  license  fees,  on  both  a  per- 
capita  and  a  per-vehicle  basis,  vary  consistently  with 
the    size    of    the    population    group    involved.     The 
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regularity  of  this  variation  is  most  pronounced  for  the 
per-vehicle  comparison.  The  averages  for  all  places 
are  larger  in  both  cases  than  the  averages  for  any 
group  of  places  except  Kansas  City  and  St.  Louis. 

Figures  4  and  6  indicate  no  significant  trends  con- 
cerning the  relation  of  local  motor-fuel  tax  collections  to 
the  size  of  the  places  involved.  Figure  6  is,  however, 
significant  in  that  it  shows  per-vehicle  collections  of 
motor-fuel  taxes  in  Kansas  City  and  St.  Louis  to  have 
been  higher  than  those  for  any  other  population  group 
in  the  State.  Two  possible  explanations  for  this  con- 
dition, aside  from  the  slight  differences  in  tax  rates 
given  in  table  4,  are  suggested.  While  mo  tor- vehicle 
fees  are  strictly  a  measure  of  local  contributions,  the 
motor-fuel  tax  is  not  so  accurate  a  measure.  Motor- 
fuel  taxes  are  collected  from  all  persons  purchasing 
motor  fuel  in  the  respective  places  regardless  of  whether 
or  not  the  motor  fuel  is  used  in  vehicles  owned  in  those 
communities. 

evasion  of  local  gas  taxes  indicated 

Kansas  City  and  St.  Louis,  as  urban  centers  of  the 
State,  attract  large  numbers  of  vehicle  owners  from 
elsewhere  in  the  State  and  from  other  States  and  collect 
from  them  a  certain  amount  of  motor-fuel  taxes  in  the 
normal  course  of  such  travel.  Highway  planning  sur- 
vey data  indicate  that  the  average  urban-owned  vehicle 
is  driven  a  greater  mileage  each  year  than  is  the  average 
car  owned  by  residents  of  the  smaller  cities  and  unin- 
corporated areas.  Thus,  using  more  motor  fuel  to 
accomplish  such  travel,  the  vehicle  owners  of  those 
cities  would  contribute  proportionately  greater  local 
fuel-tax  revenues  than  would  the  vehicle  owners  of 
other  cities,  if  gasoline  were  purchased  within  the 
city  limits. 


54 


PUBLIC  ROADS 


Vol.  21,  No.  3 


080 


0  40 


INCORPORATED  PLACES  HAVING  A  POPULATION  OF  - 
0  1.001      2,501      5,001     10,001    25,001  KANSAS     ST. 

TO  TO  TO  TO         TO  TO        CITY     LOUIS 

1,000     2,500    5,000  10,000  25,000  100,000 


ALL  INCOR- 
PORATED 
PLACES 


Figure    3. — Average    Collections    per    Person    of    Local 
Motor- Vehicle  License   Fees  in  Missouri,  1934-36. 

Comparisons  between  State  and  local  motor-fuel 
tax  collectiors,  especially  in  Kansas  City  and  St.  Louis, 
are  of  interest.  Highway  planning  survey  analyses 
indicate  that  in  1935  Kansas  City  motor-vehicle  owners 
contributed  $1,247,232  and  St.  Louis  motor- vehicle 
owners  contributed  $2,502,517  in  State  gasoline  taxes,  on 
a  2-cent  tax  rate.  If  the  State  rate  had  been  only  1  cent 
per  gallon  and  gasoline  consumption  bad  remained  the 
same,  contributions  from  motor-vehicle  owners  in  these 
two  cities  to  the  State  motor-fuel  tax  revenues  would 
have  been  $623,616  and  $1,251,258,  respectively. 

These  amounts  may  be  compared  with  the  actual 
collections  by  these  two  cities  from  the  local  1-cent-per- 
gallon  taxes.  In  1935  local  gasoline  tax  collections 
were  $582,401  and  $1,123,162,  respectively.  These 
amounts  were  6.6  and  10.2  percent  less,  respectively, 
than  comparable  contributions  to  State  gasoline  taxes. 

These  differences  may  be  partly  accounted  for  by  the 
fact  that  Kansas  City  and  St.  Louis  vehicle  owners  buy 
some  of  their  gasoline  on  trips  away  from  their  respec- 
tive cities  and  thus  avoid  paying  local  taxes.  At  the 
same  time  residents  of  other  places  traveling  to  these 
two  cities  very  probably  purchase  some  gasolme  within 
the  city  limits  and  thus  offset  the  losses  occasioned  by 
residents  buying  some  of  their  gasoline  elsewhere. 

To  these  two  considerations  must  be  added  a  third— 
that  some  gasoline  used  in  these  two  cities  escapes  local 
taxation  because  it  is  purchased  at  filling  stations 
located  outside  the  city  limits.  Advertisement  is 
often  given  to  the  fact  that  a  station  is  outside  the  city 
limits  and  that  the  purchaser  of  gasoline  can  avoid  the 
city  tax  on  his  purchases.  Figure  7  shows  two  views 
of  a  filling  station  located  outside  a  Missouri  city  in 
which  local  motor-fuel  taxes  are  collected.  Numerous 
other  stations  near  the  city  limits  similarly  advertise 
the  fact  that  no  city  tax  is  collected.  A  considerable 
portion  of  the  difference  between  city  and  State  collec- 
tions cited  above  can  probably  be  credited  to  this  factor. 

Questions  4,  5,  9,  and  10  of  the  questionnaire  sent  to 
the  cities  and  towns  in  Missouri  were  designed  to  deter- 
mine the  uses  made  of  the  local  highway-user  revenues. 
Not  all  of  the  cities  and  towns  replied  adequately  to 
these  particular  questions  but  the  answers  from  260 
places  were  of  such  a  nature  that  a  partial  analysis 
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Figure    4. — Average    Collections    per    Person    of    Local 
Motor-Fuel  Taxes  in  Missouri,  1934-36. 

could  be  made.  In  addition,  more  detailed  analyses  of 
the  Kansas  City  and  St.  Louis  data  for  the  3  years  were 
made.  The  percentage  distributions  of  the  funds  for 
each  of  the  3  years  studied  in  the  260  places  reporting, 
exclusive  of  Kansas  City  and  St.  Louis,  are  shown  in 
table  10. 

Table    10. — Distribxdion    of   local    motor-vehicle    and    motor-fuel 
taxes  in  260  Missouri  cities  and  towns,  1934-36 


Percentage  of  local  highway-user  taxes- 

Year 

Paid  to  gen- 
eral revenue 
fund 

Paid  to  street 

maintenance 

fund 

Total 

1934               

52.3 

54.6 
53.9 

47.7 
45.4 
46.1 

100 

1935.       

100 

1936-.- - 

100 

Average 

53.6 

46.4 

100 

It  appears  reasonable  to  expect  that  in  many  places 
appropriations  from  the  general  revenue  fund  were 
used  for  street  and  alley  improvements,  so  that  the 
percentage  of  the  total  collections  actually  used  for 
street  purposes  was  undoubtedly  larger  than  the  46.4 
percent  shown  in  table  10.  Highway  planning  survey 
data  indicate  that  in  some  places  money  collected 
from  motor-vehicle  owners  in  the  form  of  local  motor- 
vehicle  and  motor-fuel  imposts  was  not  spent  entirely 
for  street  purposes,  but  in  other  places  much  more 
was  used  on  the  streets  than  was  collected  locally  from 
motorists. 

In  one  particular  instance  a  city  reported  a  collection 
from  local  highway-user  taxes  of  $15,000  in  1934  for 
its  motor-vehicle  license  fund.     Disbursements  included 
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Figure    5. — Average    Collections    per    Vehicle    of    Local 
Motor- Vehicle  License  Fees  in  Missouri,  1934-36. 

a  transfer  to  the  general  fund  of  $700  in  addition  to 
street  expenditures  of  $6,900.  But  there  were  pay- 
ments amounting  to  $27,000  for  streets  and  bridges 
from  the  city's  general  fund.  A  similar  condition 
existed  in  that  city  in  1935  when  there  were  payments 
of  $23,000  for  streets  from  the  general  fund  in  addition 
to  net  expenditures  from  the  motor-vehicle  license  fund 
of  $12,300,  as  compared  to  net  receipts  from  local 
highway-user  taxes  of  $12,000. 

Both  Kansas  City  and  St.  Louis  used  all  of  their 
revenues  from  locally  imposed  motor-vehicle  taxes  for 
street  purposes,  though  for  each  of  the  3  years  the 
distributions  to  funds  were  actually  as  shown  in  table 
1  ] .  The  Kansas  City  ordinances  provide  that  all 
gasoline  tax  money  collected  locally  shall  be  used  and 
expended  for  the  repair,  upkeep,  and  maintenance  of 
the  public  streets  and  highways  of  that  city.  It  is  also 
provided  in  the  city  charter  that: 

Subject  to  the  right  of  the  city  council  to  appropriate  not  to 
exceed  3  percent  thereof  to  the  fireman's  pension  fund,  all  sums 
derived  from  license  taxes  collected  by  the  city  *  *  *  shall 
be  appropriated  and  used  exclusively  for  the  maintaining,  adorn- 
ing, constructing,  and  repairing  and  otherwise  improving  the 
parks,  parkways,  boulevards  or  other  highways. 

Table    11.- — Distribution  of  receipts  from  Kansas  City  and  St. 
Louis  local  highway-user  imposts,  1934-36 


Distribution  of  receipts  in— 

Year 

Kansas  City  to- 

St.  Louis  to- 

General 

revenue 

fund 

Park 
districts  ' 

Municipal 
fund 

Interest  and 

sinking 

fund 

1934.. _ 

$555, 981 
585, 807 
610, 126 

$349, 249 
362, 097 
375,  548 

$1,299,639 
1, 304,  654 
1, 396, 182 

$44, 227 

1935... 

556,  725 

1936 

585, 386 

Total... 

1,751,914 

1, 086, 894 

4, 000,  475 

1, 186,  338 

Street  and  boulevard  improvements. 


SMALL    PLACES    RECEIVE    PROPORTIONALLY    GREATER  BENEFITS 
FROM  STATE  HIGHWAY  EXPENDITURES 

Two  further  analyses  and  comparisons  were  made  on 
the  basis  of  available  data.  The  first  concerned  the 
amount  that  would  have  been  raised  in  any  year  if  all 
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Figure    6. — Average    Collections   per    Vehicle    of    Local 
Motor-Fuel  Taxes  in  Missouri,  1934-36. 
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Figure  7. — Two  Views  of  a  Filling  Station  Located  Out- 
side a  Missouri  City.  Top,  View  as  One  Approaches  the 
City;  Bottom,  View  as  One  Leaves  the  City. 

incorporated  places  in  Missouri  had  levied  and  collected 
local  license  and  motor-fuel  taxes  equal  to  the  average 
collections  in  those  places  of  the  same  population 
classification  that  levied  such  taxes. 

This  comparison  can  be  made  on  the  basis  of  either 
the  average  receipts  per  person  or  the  average  receipts 
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per  vehicle  in  the  towns  and  cities  where  the  taxes  were 
collected.  The  comparison  was  made  for  1936  and  is 
shown  in  table  12.  The  computations  were  based  on  the 
1930  population  figures  of  the  places  affected  and  results 
of  the  1935  motor-vehicle  allocation  study  of  the  plan- 
ning survey  which  determined  the  approximate  number 
of  vehicles  in  the  various  population  groups.  The 
average  license  fee  collected  in  1936  by  122  places  having 
populations  of  1,000  or  less  was  $0,258  per  person,  and 
the  average  motor-fuel  tax  collected  by  18  places  in  the 
same  population  group  was  $1,153  per  person.  The 
total  population  of  all  the  587  places  in  the  population 
group  was  204,687  which,  multiplied  by  each  of  these 
per-person  figures,  gives  $52,809  and  $236,004,  re- 
spectively. These,  added  together,  give  the  $288,813 
shown  in  the  third  column  of  table  12. 

This  analysis  indicates  that  the  adoption  of  such  a 
policy  would  have  produced,  when  the  population  and 
registration  basis  results  are  averaged,  an  increased 
total  annual  collection  of  only  $795,587.  More  than 
$600,000  of  this  increase  would  have  been  produced  in 
the  places  having  less  than  5,000  population. 

Table  12. — Estimated  amounts  that  all  Missouri  cities  and  towns 
would  have  collected  in  1936  in  local  highway-user  imposts  if 
rates  were  based  on  average  receipts  of  those  places  that  levied 
such  taxes 


Total  local 
motor- 
vehicle 
imposts, 
1936 

Estimated  collections  for  all 
places  based  on— 

Population  group 

Population 

Motor- 
vehicle 
registration 

Average 

Incorporated    places    having    a 
population  of — 
0-1,000     . 

$29,  312 
81,553 
91,427 
170,043 
232,  120 
322,  023 
985,  674 
1,  981,  568 

$28S, 813 
250,413 
228,914 
264,  035 
306,  352 
357,  091 
985,  674 
1,981,568 

$335, 769 
276, 161 
234, 576 
257,  799 
286, 651 
357,  556 
985,  674 
1,981,568 

$312,291 

1,001-2,500.. 

263, 287 

2,501-5,000 

231, 745 

5,001-10,000 

260, 917 

111,001-25,000 

296,  502 

25,001-100,000 

357,  323 

Kansas  Citv  (399,746) 

985, 674 

St.  Louis  (821,960)... 

1,981,568 

Total 

3, 893,  720 

4, 662, 860 

4,  715,  754 

4,  689, 307 

It  was  previously  pointed  out  that  expenditures  for 
city  streets  in  many  cities  and  especially  in  the  larger 
cities  exceed  their  receipts  from  local  motor-vehicle 
imposts.  In  this  same  connection,  it  may  be  noted 
that  statutory  provision  '  for  State  highway  construc- 
tion in  the  smaller  places  has  been  made  as  follows: 

Any  State  highway  which  passes  through  a  municipality 
having  a  population  of  less  than  2,500  according  to  the  last 
United  States  census  preceding  such  construction,  shall  be  con- 
structed through  such  municipality,  and  any  highway  which 
passes  through  a  municipality  having  more  than  2,500  popula- 
tion, according  to  such  census,  shall  be  constructed  through  the 
portions  of  the  municipality  where  the  houses  abutting  such 
roadway  are  not  less  than  200  feet  apart  on  the  average;  Pro- 
vided, however,  That  in  either  case  the  State  shall  not  pay  for 
road  surfacing  wider  or  of  a  higher  type  of  construction  than 
the  road  as  constructed  up  to  the  boundary  of  such  municipality. 

It  is  thus  apparent  that  the  smaller  places  can  receive 
proportionally  greater  benefits  from  the  continued  ex- 
penditure of  State  highway  funds  than  can  the  larger 
towns  and  cities.  Table  13  shows  the  expenditures 
made  in  1934  by  Missouri  towns  and  cities  on  their 
own  streets.  Additional  data  on  the  expenditure  of 
other  funds  in  the  various  cities,  based  on  highway 
planning  survey  results,  show  clearly  that  in  the  larger 
cities  the  State  expenditures  are  a  much  smaller  per- 

1  Laws  of  Missouri  relating  to  roads,  highways,  and  bridges  (Revised  Statutes 
1020V  sec.  8133. 


centage  of  the  total  street  expenditures  than  they  are 
in  the  smaller  places. 

Direct  comparisons  of  the  amount  of  local  highway- 
user  taxes  collected  to  the  local  street  expenditures 
cannot  be  made  because  so  many  of  the  smaller  cities 
did  not  collect  local  motor-vehicle  taxes,  and  expendi- 
ture data  for  those  that  did  cannot  be  readily  separated 
from  the  data  for  those  places  that  did  not  collect  these 
local  taxes.  Though  22  percent  of  the  places  having 
1,000  population  or  less  collected  local  highway-user 
taxes,  the  amount  they  raised  in  1934  was  only  10.6 
percent  of  the  street  expenditures  of  all  places  in  that 
group.  In  the  2,501  to  5,000  population  group,  86.1 
percent  of  the  places  levied  local  highway-user  taxes 
and  collected  a  total  amount  equal  to  only  37  percent 
of  the  street  expenditures  of  the  entire  group.  In 
Kansas  City  receipts  from  local  highway-user  taxes  in 
1934  were  68.7  percent  of  the  city's  expenditures  for 
streets,  while  in  St.  Louis  the  collections  equaled  only 
32.3  percent  of  the  total  street  expenditures  by  the  city. 

Table  13. — Expenditures  for  town  and  city  streets  in  Missouri  by 
population  groups  in  1984  1 


Population  group 


Incorporated  places  having  a  population  of- 

0-1,000 

1,001-2,500 

2,501-5,000 

5,001-10,000 

10,001-25,000 

25,001-100,000 

Kansas  City  (399,746). 

St.  Louis  (821,960) 

Total. 


Expenditures  for  local 
streets  by — 


Cities  and 
towns 


$197,  300 
268, 000 
235, 900 
330, 400 
372,  400 
360, 100 
1,  316. 900 
4, 164,  600 


7,  245,  600 


State  high- 
way depart- 
ment 


$324, 400 
168, 100 
640,  500 
321,300 
235, 000 
324,  200 
576,  600 
119,100 


2,  709,  200 


1  Does  not  include  debt  retirement. 

In  addition  to  the  amounts  shown  in  table  13,  large 
amounts  were  spent  in  1934  by  Missouri  towns  and 
cities  for  the  retirement  of  debt  originally  incurred  for 
street  purposes.  Most  of  the  $5,667,600  of  debt  retire- 
ment so  effected  was  accounted  for  by  St.  Louis  where 
the  amount  retired  was  $5,422,000.  In  all  places  hav- 
ing populations  of  10,000  or  less,  the  total  street  debt 
retired  in  1934  amounted  to  only  $61,100. 

SUMMARY 

The  data  collected  and  analyzed  in  this  study  have 
importance  in  the  general  problem  of  street  and  high- 
way planning  in  Missouri  insofar  as  they  indicate  the 
degree  of  reliance  of  municipalities  on  these  revenues 
and  the  relation  of  those  imposts  to  State  fees  and 
taxes  imposed  on  similar  bases  and  for  similar  pur- 
poses. Any  proposed  statutory  revision  that  would 
affect  these  taxes  must  be  carefully  analyzed  to  deter- 
mine what  effects  on  street  and  highway  funds  and  on 
street  and  highway  work  would  result. 

This  study  has  indicated  that  receipts  from  local 
imposts  are  not,  for  population  groups  as  a  whole, 
sufficient  to  meet  the  expenditures  by  cities  and  towns 
on  their  own  streets.  If  present  average  impost  rates 
were  extended  to  all  cities  and  towns  in  the  State, 
the  amounts  so  raised  would  fail  to  equal  the  amounts 
now  spent  for  streets  by  the  towns  and  cities  of  the 
various  population  groups,  with  the  exception  of  the 
places  having  populations  of  1,000  or  less. 
(Continued  on  page  61) 


SOME  EXPERIENCES  WITH  EXPANSION 

JOINTS  IN  CONCRETE  PAVEMENTS 

RUBBER  AND  RUBBER  COMPOUNDS  USED  AS  A  FILLER  OR  SEAL 
BY  THE  DIVISION  OF  CONSTRUCTION,  PUBLIC  ROADS  ADMINISTRATION 

Reported  by  ANDREW   P.  ANDERSON,  Highway  Engineer 


CONSIDERABLE  attention  has  been  directed 
during  recent  years  toward  the  development  of 
more  satisfactory  materials  for  filling  and  sealing 
expansion  joints  in  concrete  pavements.  One  of  these 
newer  developments  involves  the  use  of  rubber  m 
various  forms  or  in  combination  with  various  other 
materials.  From  time  to  time  and  at  various  places 
these  new  rubber  compositions  or  combinations  have 
been  given  more  or  less  extensive  trials  on  actual  con- 
struction jobs.  A  gcocl  many  of  these  materials  have 
now  been  in  service  long  enough  to  indicate  something 
of  their  probable  life  and  behavior  under  traffic.  Tjic 
results  obtained  from  these  tests,  however,  have  ap- 
parently never  been  fully  accumulated  for  comparative 
study.  A  fairly  extensive  inquiry  has  therefore  been 
made  as  to  the  extent  of  use  of  these  materials  on 
Federal-aid   work  and   the  results  indicated   to  date. 

The  returns  include  observations  on  more  than  a 
hundred  projects  distributed  throughout  28  States 
where  one  or  more  of  these  jomt  fillers  have  been  in 
service  for  a  period  of  at  least  a  year.  The  cases  in 
which  the  results  have  been  disappointing  are  far  more 
numerous  than  those  which  have  been  satisfactory,  as 
is  frequently  true  during  the  period  of  development  of 
new  materials. 

A  fully  satisfactory  material  for  filling  or  sealing 
expansion  joints  in  concrete  pavements  must  be  very 
elastic  and  fully  able  to  accommodate  itself  to  the 
movement  of  the  slab  without  appreciable  extrusion, 
and  must  always  maintain  such  close  contact  with  the 
ends  of  the  concrete  slabs  as  to  prevent  the  entrance  of 
either  water  or  other  foreign  materials.  It  must  be 
able  to  maintain  these  qualities  for  a  considerable 
period  of  time  without  appreciable  impairment,  be 
easy  to  install,  and  be  of  relatively  low  cost. 

No  material  has  as  yet  been  introduced  which  fully 
satisfies  all  these  requirements.  The  standard  bi- 
tuminous filler  is  easy  to  pour  or  install,  is  of  low  first 
cost,  but  it  is  lacking  in  the  required  elasticity.  As  the 
slabs  expand  the  filler  extrudes,  forming  a  ridge  or 
bump  for  every  passing  vehicle.  When  the  slabs 
contract  the  filler  usually  fails  to  take  up  the  additional 
joint  space,  enabling  water  and  foreign  materials  to 
gain  entrance. 

Rubber  is  a  very  elastic  material  but  its  cost  is 
relatively  high  and  it  tends  to  deteriorate  under  the 
severe  service  conditions  imposed  by  the  combination 
of  weather  and  traffic.  Sponge  rubber  has  been  used 
for  about  10  years  as  a  joint  filler.  Recent  inspections 
on  16  jobs  indicate  that  where  fully  protected  by  a  tight 
seal  the  behavior  of  this  material  has  in  general  been 
satisfactory  for  a  considerable  period.  But  where  no 
seal,  or  an  ineffective  seal,  has  been  provided  the  sponge- 
rubber  filler  after  about  3  years'  service  generally  shows 
appreciable  deterioration  and  loss  of  elasticity. 

In  Florida  about  125  premolded,  sponge-rubber  joint 
fillers  were  installed  on  one  job  in  the  fall  of  1936  and 
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early  part  of  1937.  When  inspected  on  November  16, 
1939  it  was  found  that  the  poured  bituminous  seal  was 
gone  from  most  of  the  joints.  In  these  the  unprotected 
rubber  material  had  oxidized,  become  brittle,  and  begun 
to  split  and  pull  away  from  the  concrete.  This  weather- 
ing action  was  found  to  have  reached  an  average  depth 
of  about  2  inches.  On  the  other  hand,  where  the  rubber 
had  been  continuously  protected  by  the  bituminous  seal 
it  remained  alive  to  the  top  and  made  proper  contact 
with  the  concrete. 


An  Expansion  Joint  That  Approximates  Design 
Requirements. 

sponge-rubber  fillers  often  found  to  harden  and  shrink 

In  Indiana  1-inch  premolded,  sponge-rubber  fillers 
were  used  in  the  expansion  joints  on  a  Federal-aid  job 
in  1931.  The  joints  were  sealed  but  it  was  soon  found 
that  the  cut-back  asphalt  then  used  as  a  seal  and  crack 
filler  seemed  to  act  on  the  sponge  rubber  in  the  joint  and 
make  it  quite  soft  and  more  spongy.  Therefore,  on 
work  in  1934,  1935,  and  1936  the  joints  in  which  rubber 
was  used  as  a  filler  were  not  sealed.  A  careful  examina- 
tion in  November  1939  on  seven  of  these  jobs  showed: 
First,  that  this  type  of  premolded,  sponge-rubber  filler 
had  taken  on  a  permanent  set  in  about  3  years  of  actual 
use;  and  second,  that  where  the  rubber  was  not  pro- 
tected by  a  good  seal  but  was  exposed  to  the  weather, 
it  soon  became  hard,  lifeless,  and  shrank  so  that  it  no 
longer  completely  filled  the  joint  space. 

Careful  measurements  on  the  seven  projects  showed 
that  the  thickness  of  the  existing  rubber  fillers  at  their 
narrowest  places  varied  from  one-half  to  seven-eighths 
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inch  as  compared  with  the  original  1-inch  width. 
Furthermore,  while  some  set  was  found  in  the  rubber 
filler  on  the  early  construction  in  1931  and  years  imme- 
diately following  in  which  the  expansion  joints  were 
sealed,  the  permanent  set  was  much  less  where  the  seal 
had  been  maintained  than  for  the  later  construction 
where  no  seal  was  used  or  on  the  old  construction  where 
the  seal  of  the  joints  had  been  broken. 


Appearance  of  Bituminous-Filled  Joint  After  the  Filler 
Has  Extruded  Due  to  Pavement  Expansion. 

During  more  than  10  years  of  experience  with  sponge 
rubber  joints  in  California  highways  it  has  been  found 
that  this  material  soon  loses  its  resiliency  and  is  in 
time  compressed  to  a  fraction  of  its  original  thickness, 
leaving  the  joint  open  when  the  slab  contracts.  Quite 
often  the  compressed  filler  is  shredded  and  drawn  out 
of  the  joint  under  the  action  of  traffic. 

In  Minnesota  five  premolded,  sponge-rubber  expan- 
sion joint  fillers  were  used  in  a  pavement  built  in  1930. 
All  five  joints  were  sealed  with  hot-poured  bituminous 
material.  On  November  9,  1939,  it  was  found  that 
where  the  seal  had  been  poor  or  ineffective,  the  upper 
part  of  the  sponge  rubber  was  badly  deteriorated, 
cracked,  and  lifeless.  The  lower  part,  however,  was  in 
good  physical  condition  generally,  and  showed  no  loss 
of  resilience.  Where  the  bituminous  seal  had  given 
protection  the  oxidation,  with  resulting  hardening, 
cracking  and  loss  of  material,  was  much  reduced. 

In  Nevada  sponge  rubber  was  used  as  a  filler  for  all 
the  expansion  joints  on  a  1.22-mile  job  in  1933.  This 
material  gave  very  good  service  in  1934,  1935,  and  1936. 
During  exceptionally  hot  weather  in  1937,  however, 
the  filler  extruded  so  badly  that  about  half  of  the  total 
amount  in  the  joints  was  worn  away  by  traffic  and 
completely  lost.  When  the  joints  were  refilled  and 
sealed  that  fall,  it  was  noticed  that  the  sponge  rubber 
had  largely  lost  its  resiliency  and  had  become  somewhat 
brittle. 

In  order  to  overcome  the  objection  of  high  cost  of 
straight  rubber  products,  various  compounds  have  been 
developed  in  which  cheaper  materials  are  added  to 
give  bulk  and  so  decrease  the  total  cost.  The  more 
common  of  the  ingredients  added  to  the  rubber  latex 
are  ground  cork,  ground  or  treated  mica,  mineral 
powders,  tar,  asphalt,  etc.  In  these  compounds  rubber 
or  rubber  latex  is  the  material  relied  on  to  supply  the 
properties  of  elasticity  and  to  give  firm  adhesion  to  the 
ends  of  the  concrete  slabs.  Sometimes  these  compounds 
are  used  as  a  complete  filler  of  either  the  poured  or 
premoulded  type  but  more  frequently  they  are  used  as 
a  seal  to  cheaper  materials  which  occupy  the  greater 
part  of  the  joint  space,  or  to  seal  joints  of  the  premolded 
or  metal  type. 


Included  in  such  compounds  are  a  large  number  of 
proprietary  products,  the  exact  compositions  of  which 
are  frequently  not  revealed.  Some  of  these  products 
are  poured  cold;  others  must  be  heated.  Some  are  sold 
all  prepared  and  ready  for  application,  while  others 
must  be  combined  on  the  job  before  they  are  ready  for 
use.  For  some  the  application  is  completed  in  one 
operation,  while  others  require  two  or  more  operations, 
such  as  first  priming  the  edges  of  the  concrete  before 
pouring  the  main  seal.  Because  of  the  many  variations 
definite  comparisons  of  the  products  are  difficult, 
frequently  impossible.  Some  typical  examples  chosen 
from  observations  on  62  jobs  will,  however,  be  given  of 
the  successes  and  failures  experienced  with  this  type  of 
joint  filler. 


Left,  a  2-Inch  Poured  Rubber  Composition  Seal  in  Good 
Condition;  Right,  a  Poured  Rubber  Composition  Seal 
That  Has  Extruded. 

BOND  BETWEEN  JOINT  FILLER  AND  PAVEMENT  OFTEN  INADEQUATE 

On  one  job  in  Connecticut  completed  in  1936,  a 
rubber  compound  was  used  to  seal  both  the  expansion 
and  dummy  joints.  In  November  1939  the  original 
seal  was  entirely  gone  from  all  the  expansion  joints. 
In  the  dummy  joints  the  original  seal  was  still  in  place 
but  was  badly  cracked  and  disintegrated.  On  this 
job  trouble  with  the  joint  seal  began  immediately  after 
the  joints  were  poured.  The  bond  secured  between 
the  filler  and  the  concrete  was  apparently  insufficient 
to  prevent  the  filler  from  working  loose  and  being 
carried  away  by  traffic. 

On  two  other  Connecticut  jobs,  one  completed  in 
1937,  the  other  in  1938,  a  rubber  compound  was  used 
as  both  filler  and  seal.  By  November  1939  approxi- 
mately 10  percent  of  the  joints  had  been  refilled  with 
asphalt.  The  seals  that  were  in  place  still  retained 
their  elasticity  but  had  separated  or  pulled  away  from 
the  concrete,  allowing  dirt  and  moisture  to  enter. 

In  Maine  in  June  1938,  10  expansion  joints  were 
sealed  with  a  rubber  compound  consisting  essentially 
of  rubber  latex,  granulated  cork,  and  a  filling  powder. 
In  November  1939  all  the  seals  were  found  to  be  in 
place  but  more  than  half  no  longer  adhered  to  the 
concrete  and  did  not  appear  to  be  watertight. 

In  Maryland  in  May,  June,  and  July  1939  the  same 
kind  of  poured  rubber  compound  was  used  on  three 
jobs  to  seal  the  top  1.5  inches  above  the  regular  bitu- 
minous fiber  joint  fillers.  On  the  first  job  about  25 
percent  of  the  expansion  joints  had  to  be  cleaned  out 
and  resealed  before  proper  bond  was  secured  between 


May  1940 


PUBLIC  ROADS 


59 


the  seal  and  the  concrete.  When  inspected  late  in 
October  it  was  found  that  a  great  many  of  the  joints 
again  required  resealing.  On  the  other  two  jobs  the 
expansion  joints  were  rated  as  "excellent"  when  first 
completed.  When  inspected  late  in  October,  however, 
the  bond  between  the  filler  and  the  concrete  had  failed 
on  many  joints  to  the  extent  that  moisture  could  gain 
easy  access.  There  were  also  indications  on  both 
jobs  that  the  material  had  begun  to  lose  its  elasticity. 
These  failures  all  occurred  within  less  than  6  months 
after  construction. 

On  one  Massachusetts  job  completed  in  1938  three 
types  of  poured  rubber  filler  and  seal  were  used.  Of 
these,  59  joints  were  formed  from  a  rubber  material 
which  was  poured  cold,  30  from  a  rubber  material 
poured  hot,  and  4  were  filled  with  a  compound  made 
up  essentially  of  rubber  latex,  ground  mica,  and  other 
materials.  When  inspected  on  November  17,  1939,  it 
was  found  that  all  of  the  59  cold-poured  joints  had  lost 
so  much  of  the  bond  with  the  concrete  that  the  seal 
was  ineffective.  The  hot-poured  joints  were  tight, 
with  good  bond,  and  resembled  in  appearance  an  ordi- 
nary asphalt  joint  with  considerable  extrusion  flattened 
out  over  the  adjacent  concrete.  In  the  four  poured- 
rubber-compound  joints  the  material  still  retained  its 
elasticity  but  the  bond  was  found  to  be  ineffective  to 
some  extent  in  each  joint. 

In  another  Massachusetts  job  completed  in  Novem- 
ber 1936,  all  transverse  joints  were  filled  with  a  poured- 
rubber  compound.  The  first  installation  failed  to  bond 
and  the  joints  were  refilled  by  the  manufacturer  in 
May  1937.  Later  that  year  the  joints  were  thoroughly 
cleaned  out  by  the  producer  of  the  material  and  com- 
pletely new  joints  were  poured.  On  November  20, 
1939,  nearly  every  joint  was  found  to  be  cracked 
through  the  middle  and  had  opened  sufficiently  to  per- 
mit the  free  access  of  water  and  foreign  materials. 
There  was  no  appreciable  extrusion.  New  joints  were 
required. 

In  1937  two  poured-rubber  compounds  were  used  on 
a  four-lane  road  in  Massachusetts.  The  joints  on  one 
lane  were  filled  with  a  material  consisting  essentially  of 
rubber  latex  and  a  filling  powder;  the  transverse  joints 
of  the  other  three  lanes  were  filled  with  a  material 
consisting  of  rubber  latex,  powdered  filler,  and  granu- 
lated cork  in  the  ratio  of  16:4:1  by  weight.  The  final 
seal  was  the  same  material  without  the  cork.  On 
November  22,  1939,  it  was  found  that  joints  of  the  first 
material  had  only  a  few  cracks  in  the  middle  and  that 
the  material  itself  was  still  very  elastic  but  the  bond 
with  the  concrete  was  not  very  good.  The  rubber 
latex  cork  material,  on  the  other  hand,  was  found  to 
have  surface  cracks  in  nearly  every  joint  sufficient  to 
permit  the  ready  entrance  of  water  and  foreign  ma- 
terials. Adherence  to  the  concrete  was  better  than  in 
joints  where  the  first  material  was  used.  Traffic,  how- 
ever, had  stripped  the  top  seal  to  a  depth  of  about 
half  an  inch  in  many  places. 

In  1938  the  top  2  inches  of  the  expansion  joints  on 
two  Pennsylvania  jobs  were  sealed  with  a  rubber  com- 
pound consisting  essentially  of  rubber  latex,  filling 
powder,  and  granulated  cork.  The  results  were  un- 
satisfactory even  at  an  early  date.  On  some  of  the 
joints  the  rubber  compound  was  removed  and  the 
joints  filled  with  bituminous  material.  In  October  1939 
the  State  maintenance  forces  sealed  the  remaining 
joints  with  asphalt. 

In  1938  a  different  rubber-latex-filler  compound  was 


used  on  several  other  jobs  to  seal  the  top  2  inches  of 
the  transverse  expansion  joints.  In  October  1939  the 
joints  on  all  these  jobs  showed  evidence  of  functional 
inadequacy.  The  joint  material  was  pulling  out,  the 
edges  were  spalling,  and  the  material  itself  showed 
signs  of  rapid  deterioration. 


Ij   \tt 

Left,  Appearance  of  a  Poured  Rubber  Composition  Seal 
After  16  Months  of  Exposure  to  Weather  and  Traffic; 
Right,  a  Bituminous-Filled  Joint  in  Good  Condition 
After  2J4  Years. 

PREFORMED   RUBBER  CAPS  SHOWED  TENDENCY  TO  ROTATE  AND 

BUCKLE 

Another  form  of  rubber  seal  sometimes  used  is  a 
formed  or  manufactured  strip  with  a  hollow  core.  This 
strip  is  compressed  during  installation  so  that  when 
inserted  and  seated  in  the  joint  it  will  form  a  tight  cap 
or  seal.  It  then  depends  on  its  resistance  to  the  defor- 
mation which  it  has  undergone  by  being  forced  into  the 
joint  opening  to  provide  sufficient  pressure  against  the 
edges  of  the  concrete  slabs  to  maintain  a  watertight 
joint.  The  early  trials  indicated  a  strong  tendency  for 
the  strip  either  to  be  forced  down  too  deeply  into  the 
joint  or  to  rotate  partially  and  work  to  the  surface  where 
it  was  frequently  torn  out  by  passing  traffic.  In  later 
trials  the  slab  ends  have  been  constructed  with  a  square 
shoulder  or  seat  about  one-fourth  inch  wide  formed  in 
the  concrete  about  1%  or  2  inches  below  the  surface  of 
the  slab.  The  joint  opening  is  thus  one-half  inch  wider 
at  the  top  than  at  the  bottom.  However,  considerable 
difficulty  has  been  experienced  in  forming  this  seat  to 
the  required  exactness.  Present  indications  are  that 
the  tendency  of  the  strip  to  rotate  has  not  been  greatly 
decreased.  Inspections  on  16  different  jobs  showed  that 
very  few  of  these  installations  were  entirely  watertight. 
A  tendency  for  the  strip  to  work  up  and  be  pulled  out 
by  the  action  of  passing  traffic  has  also  been  noted. 

Experiences  reported  from  Indiana,  Mississippi,  and 
Ohio  illustrate  some  of  the  advantages  and  disadvan- 
tages of  this  type  of  joint.  On  one  project  in  Indiana 
joints  of  this  type  have  been  in  service  for  4  years. 
When  inspected  late  in  1939  they  were  in  satisfactory 
condition  and  showed  no  serious  signs  of  deterioration. 
The  air  space  in  the  joint  below  the  rubber  cap  was 
often  found  to  be  full  of  water,  but  no  large  amount  of 
sUt  had  collected  in  the  bottom.  The  ability  of  this 
type  of  rubber  cap  to  keep  the  top  of  the  joint  space 
closed  when  the  pavement  contracts  is  very  promising. 
There  seems  to  be  no  advantage  in  supplementing  this 
type  of  joint  with  crack  filler.  There  is  a  tendency, 
however,  for  the  rubber  to  be  pushed  upward  so  that 
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the  wheels  of  traffic  hit  it  and  wear  it  out.  This  ten- 
dency is  probably  the  result  of  compression  caused  by 
the  closure  of  the  joint  in  warm  weather.  It  is  believed 
that  the  compression  causes  the  rubber  to  elongate  and 
buckle  sufficiently  to  push  it  above  the  surface  of  the 
pavement  and  expose  it  to  wear. 


IdM 


Left,  a  Premolded  Rubber  Cap  That  Has  Worked  Up  and 
Been  Subjected  to  Hammering  by  Traffic;  Right,  a 
Premolded  Rubber  Cap  That  Has  Rotated  and  no  Longer 
Seals  the  Joint. 


In  Mississippi  joints  of  this  type  were  installed  in 
November  1938  on  about  1,000  feet  of  a  5.6-mile  job 

When  inspected  on  November  9,  1939,  the  joint 
material  appeared  to  be  in  good  condition,  but  tests 
with  a  knife  blade  indicated  insufficient  pressure  of  the 
rubber  against  the  concrete  slab  to  exclude  water  at  all 
points.  In  one  joint  approximately  9  feet  of  the  rubber 
sealing  strip  was  gone.  It  appears  that  this  rubber 
strip  can  be  removed  without  the  use  of  tools.  Breaks 
were  also  noted  in  the  strips  where  they  are  bent  90° 
at  the  edge  of  the  pavement  to  carry  the  strip  down  the 
side  of  the  slab. 

The  use  of  rubber  or  rubber  compound  as  a  seal  or 
joint  filler  on  Federal-aid  work  in  Ohio  has  been  prac- 
tically limited  to  a  preformed  extruded  rubber  expan- 
sion joint  filler  or  cap  as  a  seal.  The  first  installation 
of  this  material  was  in  October  1936.  The  joints  soon 
proved  unsatisfactory,  chiefly  because  of  a  tendency  to 
become  depressed  too  deeply  into  the  joint  opening,  or 
to  rotate  within  the  joint  opening  and  permit  the  en- 
trance of  water  and  foreign  materials. 

Later  designs  provide  for  the  formation  of  a  shoulder 
on  each  side  within  the  joint  opening  on  which  the  rub- 
ber seal  rests.  This  is  obtained  by  making  the  lower 
part  of  the  joint  opening  1  inch  wide  and  the  upper  part 
in  which  the  rubber  is  inserted,  1.25  inches  wide.  The 
shoulder  on  each  side  would  then  be  one-eighth-inch 
wide  at  the  top.  Considerable  difficulty  has,  however, 
been  encountered  in  forming  a  true  and  neat  shoulder. 
An  inspection  late  in  1939  of  the  the  seven  Federal-aid 
jobs  on  which  this  type  of  extruded  rubber  expansion 
joint  was  used,  showed  the  conditions  summarized  in 
table  1. 

A  number  of  State  highway  departments  have  done 
considerable  work  toward  developing  satisfactory  ma- 
terials for  sealing  the  tops  of  expansion  joints.     These 


materials  are  for  the  most  part  composed  of  a  mixture 
of  rubber  latex  with  asphalt  or  tar,  to  which  other  sub- 
stances such  as  ground  cork,  flake  mica,  or  other  ground 
or  powdered  substances  are  frequently  added. 

Table  1. — Condition  of  extruded  rubber  expansion  joints  used  on 
7  jobs  in  Ohio 


Job  number— 

1 

2 

3 

4 

5 

6 

7 

Date  completed-.    ..  . 

7-20-39 

7-20-39 

8-12-39 

9-11-39 

(0 

(') 

(') 

Joints  with   filler  too 

Percent 

Percent 

Percent 

Percent 

Percent 

Percent 

Percent 

high 

4 

5 

3 

2 

2 

1 

2 

Joints  with   filler   too 

low 

12 

14 

10 

8 

1 

1 

1 

Joints   with    filler  ex- 

truded above  pave- 

ment surface  

2 

3 

I 

1 

0 

0 

0 

Joints  with  filler 

cracked _ 

1 

2 

1 

1 

0 

0 

0 

Joints   with   incipient 

spalling  of  concrete- 

6 

7 

5 

3 

2 

1 

2 

Joints  with  progressive 

spalling  of  concrete. ._ 

2 

3 

2 

1 

0 

0 

0 

Joints   with    filler   ro- 

tated   - 

2 

2 

0 

0 

0 

0 

0 

None 

None 

None 

None 

1  Under  contract;  construction  not  yet  completed  when  inspected. 

SEALS  CONTAINING  BITUMINOUS  MATERIALS  USED  WITH  VARYING 

SUCCESS 

California  has  used  a  material  consisting  essentially 
of  about  70  percent  SC-4  cutback  and  30  percent  rubber 
latex  as  both  a  seal  and  a  filler.  This  material  was 
apparently  first  used  on  a  Federal-aid  job  in  1935  on 
about  680  linear  feet  of  expansion  joints  on  the  heavily 
traveled  highway  between  Lebec  and  Grapevine  in 
Kern  County.  These  joints,  spaced  at  100-foot  inter- 
vals, were  sealed  immediately  after  the  concrete  surface 
was  completed.  Due  to  the  dampness  of  the  concrete, 
short  sections  of  the  seal  were  soon  pulled  out  by  traffic 
and  had  to  be  replaced.  There  have  been  no  further 
failures,  and  no  maintenance  has  been  required  to  date. 
When  inspected  in  October  1939  the  rubber  compound 
joints  were  intact  and  in  good  condition. 

Later  experience  with  this  material  indicates  that, 
while  superior  in  producing  an  effective  seal,  it  must  be 
relatively  soft  in  order  to  be  effective.  However, 
when  this  material  is  soft  it  is  also  very  adhesive  so 
that  foreign  materials  readily  adhere  and  are  kneaded 
into  the  joint  under  the  action  of  traffic.  In  many  in- 
stances sufficient  extraneous  materials  have  in  this  way 
been  accumulated  and  worked  into  the  joint  filler  to 
reduce  seriously  its  ability  to  provide  for  expansion. 
The  soft  consistency  of  the  material  also  permits  it  to 
flow  out  of  the  joint  on  sections  having  high  super- 
elevation. The  cost  is  approximately  double  that  of 
the  standard  joint  fillers. 

Oregon  has  used  as  a  seal,  with  what  are  said  to  be 
promising  results,  a  mixture  of  30  percent  rubber  latex 
(60  percent  solution)  and  70  percent  of  150-200  pene- 
tration asphalt.  This  mixture  is  poured  hot  and  the 
seal  allowed  to  come  to  within  about  one-fourth  inch  of 
the  level  of  the  pavement  surface.  The  hot  material  is 
then  covered  with  sufficient  rubber  grindings,  of  the 
kind  and  size  ordinarily  obtained  from  tire  retread 
establishments,  to  complete  the  final  seal  and  filling  of 
the  joint. 

Massachusetts  and  Oklahoma  have  also  been  using 
to  some  extent  somewhat  similar  compounds  as  a  seal 
or  filler.  The  formula  used  by  Oklahoma  is  given  in 
table  2. 
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Table  2.- 

—Formula  for  joint  filler  used  by  Oklahoma 

Material 

Amount  by- 

Weight 

Volume 

SC-4oil 

Lb. 
5.475 
2.431 
.0553 
.0444 

0.690  gal. 

0.299  gal. 

0.703  oz. 

14.3  cc. 

That  at  least  some  of  these  rubber  materials  and 
compounds  have  considerable  merit  is  indicated  by  the 


number  of  instances  in  which  their  use  has  given  satis- 
factory results.  On  the  other  hand  a  much  larger 
number  of  reports  of  unsatisfactory  results  indicate 
that  as  a  class  these  rubber  compounds  are  still  in  the 
experimental  stage.  In  some  cases  the  materials  or 
combinations  of  materials  appear  to  be  at  fault.  In 
other  cases  there  is  considerable  evidence  that  the 
materials  are  capable  of  giving  satisfactory  results  but 
more  definite  knowledge  must  be  obtained  as  to  how 
and  under  what  conditions  they  can  be  successfully 
used.  Weather  conditions  during  installation,  espe- 
cially temperature  and  moisture,  appear  to  affert  the 
performance  of  most,  if  not  all,  of  the  poured  types. 


(Continued  from  page  56) 

Local  motor-vehicle  imposts  in  Missouri  are  most 
extensively  used  by  the  larger  cities.  In  the  smaller 
places  the  greater  part  of  the  street  work  is  accom- 
plished by  means  of  State  highway  expenditures  within 
their  coporate  limits. 

The  relatively  small  increases  in  collections  from 
local  motor-vehicle  license  fees  at  a  time  of  rapidly 
increasing  mo  tor- vehicle  registrations  in  the  State  sug- 
gest possible  difficulty  in  the  collection  of  the  local  taxes 
and  make  it  apparent  that  some  more  satisfactory 
method  of  obtaining  an  equal  or  larger  amount  of 
revenue  is  desirable. 

Complete  data  are  not  available  on  the  cost  of  col- 
lecting the  local  taxes,  but  there  is  evidence  that  these 
costs  are  high,  and  when  compared  with  State  costs  for 
similar  operations,  absorb  a  large  percentage  of  the 
total  collections. 

Difficulties  have  been  encountered  in  the  collection 
of  the  local  motor-fuel  taxes.  Particularly  in  the 
smaller  places,  evasion  by  means  of  the  location  of 
gasoline  stations  outside  city  limits  is  frequent.  This 
difficulty  is  lessened  in  the  larger  cities  where  the  size 
of  the  cities  and  the  number  of  vehicles  require  many 
refueling  stations  inside  city  limits. 

The  experiences  of  many  States  indicate  the  diffi- 
culty of  completely  stopping  bootlegging  of  gasoline 
and  other  evasions  of  the  motor-fuel  tax.  Within 
Missouri,  where  municipal  motor-fuel  taxes  range  from 
1  cent  per  gallon  downward,  the  incentive  for  tax  evasion 
across  city  limits  may  not  be  as  great  as  it  is  across 
State  lines,  where  the  differential  in  State  taxes  may 
be  from  1  to  5  cents  per  gallon.  However,  the  incen- 
tive does  exist  and  it  can  hardly  be  doubted  that  the 
cities  that  levy  local  motor-fuel  taxes  would  collect 
larger  amounts  but  for  evasion. 

Both  the  local  motor-vehicle  license  fees  and  the 
local  motor-fuel  taxes  are  duplications  of  State-levied 
taxes  from  which  much  larger  amounts  are  obtained 
for  the  State's  use.  In  addition  to  duplication  of  tax 
there  is  also  duplication  of  tax  collection  and  adminis- 
tration operations  within  the  State. 

Local  motor-fuel  taxes  and  motor-vehicle  license 
fees  are  not  used  extensively  in  other  States  to  finance 
local  streets.  Funds  for  that  purpose  are  derived  in 
those  places  from  other  forms  of  local  taxation  or  from 
financial  assistance  provided  by  the  county  or  State. 
The  use  of  this  form  of  local  financing  has  not  tended 
to  increase  in  recent  years,  either  in  Missouri  or  in 
other  States.  Statutory  restrictions  and  practical  ad- 
ministrative objections  have  led  the  local  units  else- 
where generally  to  seek  other  methods  of  financing 
street  construction  and  maintenance. 


APPENDIX 

Provision  for  limiting  local  license  fees  was  initially 
made  in  the  Missouri  Revised  Statutes  of  1919.  The 
law,  limiting  local  fees  to  one-half  of  the  State  license 
fees,  was  continued  by  a  1921  law. 

As  the  result  of  an  initiative  petition  passed  by  the 
electorate  of  Missouri  in  1924  the  State  license  rates 
were  increased  50  percent  in  1925. ' 

The  provision  of  the  1921  act  which  permitted  the 
municipalities  to  levy  a  local  license  fee  at  one-half  the 
State  rate  was  replaced  by  the  new  provision  limiting 
the  local  rates  to  one-third  of  the  increased  State  rates. 

The  Revised  Statutes  of  1929  contained  two  con- 
flicting provisions.2  Sections  7761  and  7762,  which 
were  carried  forward  from  section  5  of  the  1921  act  and 
section  15  of  the  1925  act,  limited  "license  taxes  levied 
on  motor  vehicles  of  the  State  by  municipal  corpora- 
tions" to  not  more  than  "one-third  of  the  aggregate 
amount  of  the  State  registration  fee  *  *  *  including 
the  cost  of  plates  and  notarial  fee."  However,  in 
section  7780  of  the  same  statutes,  which  was  brought 
forward  from  the  1921  sessions  acts,  the  change  from 
one-half  to  one-third  was  not  made.  Consequently 
there  was  found  in  this  section  the  statement  that 
municipalities  could  require  (except  in  cities  having  a 
population  of  more  than  75,000)  the  display  of  license 
plates  "but  such  license  taxes  shall  not  exceed  one-half 
of  the  registration  fee  provided  for  herein,  including 
the  cost  of  plate  and  notarial  fee." 

Thus,  there  were  two  different  provisions  in  the 
statutes.  One  provision  restricted  the  local  fees  to 
one-third  of  the  State  fees  and  the  other  permitted  the 
towns  and  cities  to  charge  license  fees  up  to  one-half 
of  the  State  fees.  The  latter  provision,  contained  in 
section  7780,  should  have  been  revised  by  reason  of 
enactment  of  sections  7761  and  7762,  but  was  allowed 
to  remain  in  the  statutes  through  error.  An  opinion 
by  the  Legal  Department  of  the  State  Highway  De- 
partment regarding  section  7780  contained  two  rather 
lengthy  supreme  court  decisions  and  stated  in  pari: 
"The  fact  that  the  committee  brought  the  said  act 
forward  and  placed  it  in  the  revised  statutes  gave  it 
no  validity."  The  statement  is  made  that  the  actual 
revision  had  occurred  through  enactment  of  other  sec- 
tions and,  "The  sections  of  the  act  were  simply  brought 
forward  and  placed  in  the  article  by  the  committee  on 
revisions  which  was  appointed  to  compile,  arrange,  and 
publish  statutes  after  the  adjournment  of  the  general 
assembly.  That  committee  had  no  legal  power  con- 
ferred upon  it,  for  the  legislature  could  not,  and,  indeed, 
did  not  attempt  to  delegate  to  it,  any  such  powers." 

1  Session  Acts  of  1925,  sec.  15,  p.  288. 
!  Ch.  41,  art.  1. 
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The  rate  of  one-half  of  the  State  license  fees  contained 
in  section  7780  was,  therefore,  not  permissible  because 
of  revisions  of  sections  7761  and  7762.  As  a  result  of 
the  changes  in  the  law  and  the  conflicting  provisions, 
considerable  confusion  existed  as  to  the  legal  basis  for 
establishing  municipal  license  fees.  Some  cities  suc- 
ceeded ha  operating  under  section  7780  which  permitted 
local  rates  at  one-half  the  State  rates,  even  though  this 
section  legally  was  noneffective. 

At  the  extra  session  of  the  Missouri  Legislature  in 
1933-34  the  State  license  fees  (established  by  the  1925 
act)  were  lowered.  Sections  7761,  7762,  and  7769  were 
repealed  and  new  sections  enacted  bearing  the  same 
numbers.  The  last  paragraph  hi  the  revised  section 
7761  stated:  "Fees  charged  by  municipalities  for  said 
license  shall  not  exceed  the  amount  authorized  therefor 
by  said  municipalities  during  the  year  1933."  This 
provision  allowed  those  rates  which  had  been  based  on 
the  higher  (1925)  State  rates  and  established  by  the 
cities  prior  to  1933  to  remain  unreduced  but  prohibited 
the  municipalities  from  increasing  the  local  rates  in 
effect  at  that  time.  Since  the  State  rates  had  been 
lowered  it  was  therefore  possible  for  a  city  rate  to  exceed 
one-third  the  new  1934  State  rate  without  being  in 
conflict  with  the  statutes. 

However,  through  an  oversight  section  7780  was  not 
revised  during  the  1933-34  session.  The  two  conflict- 
ing provisions  regarding  the  basing  of  local  fees  on 
one-third  and  one-half  of  the  State  fees  continued  to 
cause  confusion  until  section  7780  was  finally  repealed 
and  the  law  clarified  by  the  1935  session  of  the  legisla- 
ture. A  new  section  bearing  the  same  number  was 
enacted  in  1935  with  various  changes,  one  of  which  was, 
"Such  (municipal)  license  fees  shall  not  exceed  the 
limitations  on  registration  fees,  now  or  hereafter  pro- 
vided by  law." 

Consequently,  the  schedule  of  license  fees  shown  in 
the  second  column  of  table  2  (p.  50)  was  legally  in 
effect  up  to  1933  and  remained  in  effect  after  1933  for 
those  cities  which  had  established  a  local  motor-vehicle 
license  fee  prior  to  1933.  For  all  local  fees  established 
after  1933  the  rates  were  based  on  one- third  of  the 
State  rates  as  provided  in  sections  7761,  7762,  and 
7780  (as  revised  in  1935). 


The  statutory  development  of  the  bases  for  establish- 
ing municipal  motor-vehicle  license  fee  rates  in  Missouri 
from  1921  to  1935  is  shown  in  table  I. 

Table     I. — Statutory    development     of     municipal     motor-vehicle 
license  fee  rates  in  Missouri,  1921-35 


Date  of  law 

State 
license 

Municipal  license  fees  for  passenger  cars- 

fee 

Based  on — 

Amount 

1921  (continued  from  1919  act)__ 

$5.00 

One-half  of  State  rate 

$2.  50 

7.00 

3.50 

11.00 

5.50 

15.00 

7.50 

17.00 

8.50 

21.00 

10.50 

25.00 
7.50 

12.50 

1925  (revised  the  State  license 

One-third  of  State  rate... 

2.50 

rates  established  by  1921  act). 

10.50 

3.50 

16.50 

5.50 

22.50 

7.50 

25.50 

8.50 

31.50 

10.50 

37.  50 

12.50 

1929  Revised  Statutes;secs.  7761, 

7.50 

One-third  of  State  rate 

2.50 

7762    (carried    forward    from 

10.50 

3.50 

sec.  5  of  1921  act  and  sec.  15  of 

16.50 

5.50 

1925  act). 

22.50 

7.50 

25.50 

8.  .'-.ll 

31.50 

10.  50 

37.50 

12.  50 

1929  Revised  Statutes;  sec.  7780 

7.50 

One-half  of  State  rate 

3.75 

(carried  forward  from  sec.  24, 

10.50 

(This  provision  allowed  to  re- 

5.25 

par.  C,  of  1921  act). 

16.50 

main    in   statutes    through 

8.25 

22.50 

error.    Rate  not  permissible 

11.25 

25.50 

because  of  sees.   7761   and 

12.75 

31.50 

7762.) 

15.75 

37.50 

18.75 

1933-34  (Revised  the  State  li- 

One-third of  State  rate  for  new 

1.66 

cense  rates  established  by  1925 

local  fees.   Previously  estab- 

2.83 

act,  but  did  not  eliminate  con- 

lished rates  not  affected. 

3.66 

flicting  provisions  of  1929  Re- 

6.66 

vised  Statutes). 

8.33 

5.00 

10.50 

8.50 

12.50 

11.00 
20.00 

One-half  of  State  rate  for  new 

2.50 

25.  00 

local  fees.  Previously   estab- 

4.25 

31.50 

lished    rates    not    affected. 

5.  50 

37.  50 

(This  provision  allowed   to 

10.00 

remain  in  statutes  through 

12.60 

error.    Rate  not  permissible 

15.75 

because   of  sees.    7761   and 

18.75 

7762.) 

1935 

5.00 

8.50 

One-third  of  State  rate  for  new 
local  fees  (sec.  7780  finally 

1.66 

2.83 

11.00 

revised). 

3.66 

20.00 

6.  (ill 

25.00 

8.33 

31.50 

10.50 

37.50 

12.50 

HIGHWAY  RESEARCH  BOARD  PROCEEDINGS  NOW  AVAILABLE 


The  Highway  Research  Board  of  the  National 
Research  Council  has  announced  that  Volume  19, 
Proceedings  of  the  Highway  Research  Board,  is  now 
available.  Copies  may  be  obtained  from  the  Highway 
Research  Board,  2101  Constitution  Avenue,  Washing- 
ton, D.  C,  at  $2.25  each. 


The  volume  includes  papers  and  committee  reports 
on  the  subjects  of  Highway  Finance,  Economics, 
Design,  Roadside  Development,  Materials,  Main- 
tenance, Traffic  and  Safety,  Soil  Mechanics,  and  a 
symposium  on  Soil  Stabilization  Practices. 


May  1940 
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CHEMICAL  TREATMENT  OF 
CHERT-GRAVELS  FOR  USE  IN  BASE-COURSE 

CONSTRUCTION 

BY  THE  DIVISION  OF  TESTS,  PUBLIC  ROADS  ADMINISTRATION 

Reported  by  E.  A.  WILLIS,  Associate  Highway  Engineer,  and  P.  C.  SMITH,  Junior  Highway  Engineer. 


THIS  REPORT  is  the  fourth  in  a  series  describing 
investigations  of  materials  for  base-course  con- 
struction. Previous  reports  have  described  labora- 
tory and  circular  track  tests  on  sand-clay  and  sand- 
clay-gravel  materials  and  on  nonplastic  materials  with 
admixtures  of  water-retentive  chemicals. 

The  present  report  is  the  result  of  investigations  in 
which  three  chert-gravels  from  Alabama  were  tested 
in  the  outdoor  circular  track.  The  chert-gravels  tested 
were  representative  of  a  class  of  local  materials  found 
to  such  an  extent  in  the  Southeastern  United  States 
as  to  be  important  in  road  construction.  They  con- 
sist of  mixtures  of  coarse  chert  particles  and  fine 
material  made  up  of  dust  of  fracture  and  clay.  As  a 
class  they  have  given  satisfactory  service  when  used 
as  surface  courses,  but  have  caused  failures  in  numerous 
instances  when  used  as  base  courses  because  of  exces- 
sive amounts  of  the  active  binder  which  they  usually 
contain. 

Sand  and  granulated  slag  were  used  to  reduce  the 
plasticity  index  of  the  plastic  chert-gravel  that  was 
investigated.  Due  to  the  presence  of  finely  divided 
silica  in  the  chert  it  was  felt  that  the  addition  of  lime 
might  reduce  the  activity  of  the  natural  binder  and 
form  a  cementing  agent  through  puzzolanic  action. 
Consequently,  an  admixture  of  hydrated  lime  was  used 
in  three  sections  to  determine  its  effect  on  the  behavior 
of  the  chert-gravels  as  base  courses. 

The  circular  track  used  in  these  investigations  was 
the  same  as  was  used  in  the  studies  of  water-retentive 
chemicals  as  admixtures  with  nonplastic  road-building 
materials  which  have  been  reported  previously.1  The 
tire  equipment  was  size  30  by  5,  of  the  high-pressure 
type,  requiring  an  inflation  pressure  of  80  pounds  per 
square  inch.  The  load  imposed  by  each  wheel  was 
800  pounds  until  near  the  end  of  the  test  when  it  was 
increased  to  1,000  pounds. 

Distributed  traffic,  which  was  used  for  compacting 
the  base  course  and  the  surface  treatment,  was  obtained 
by  gradually  shifting  the  rotating  beam  longitudinally 
with  respect  to  its  axis  of  rotation.  Concentrated  traf- 
fic, which  was  used  after  the  surface  treatment  had 
been  constructed,  was  obtained  by  locking  the  sliding 
pivot  of  the  beam  in  such  a  position  that  the  wheels 
pursued  two  concentric  circular  courses  whose  center 
lines  were  about  2}i  inches  on  either  side  of  the  center 
line  of  the  test  sections. 

COMPOSITION  AND   TESTING   OF  TRACK  SECTIONS  DISCUSSED 

Six  sections  were  tested  in  this  investigation.  Each 
section  was  18  inches  wide,  6  inches  deep,  and  approxi- 
mately 6.3  feet  long. 

Three  chert-gravel  materials  were  used  in  the  track 
sections.     Chert  A  was  a  mixture  of  materials  from  two 

1  Studies  of  Water-Retentive  Chemicals  as  Admixtures  with  Nonplastic  Road- 
Building  Materials,  by  E.  A.  Willis  and  C.  A.  Carpenter.  PUBLIC  ROADS, 
vol.  20,  No.  9,  November  1939. 
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pits  in  Alabama  having  similar  test  constants.  This 
mixture  had  a  liquid  limit  of  46  and  a  plasticity  index 
of  20.  Chert  B  was  from  a  single  pit  in  Alabama  and 
had  a  liquid  limit  of  25  and  a  plasticity  index  of  2. 
Chert  C  was  a  composite  of  1 1  samples  which  had  been 
taken  from  chert  base  courses  in  Alabama  at  locations 
where  base  failures  had  occurred. 

The  compositions  of  the  six  sections  in  the  track  are 
given  in  table  1.  Section  1  consisted  of  45  percent  of 
chert  A  and  55  percent  of  Potomac  River  sand;  section 
2  consisted  of  43  percent  of  chert  A,  52  percent  of 
Potomac  River  sand,  and  5  percent  by  weight  of  hy- 
drated lime;  section  3  consisted  of  35  percent  of  chert  A 
and  65  percent  of  granulated  slag;  section  4  consisted 
entirely  of  chert  B;  section  5  consisted  of  95  percent  of 
chert  B  and  5  percent  of  hydrated  lime;  and  section  6 
consisted  of  95  percent  of  chert  C  with  a  5  percent  hy- 
drated lime  admixture.  The  quantity  of  sand  and 
granulated  slag  used  in  sections  1  and  3  was  that  re- 
quired to  reduce  the  plasticity  index  of  chert  A  from  20 
to  approximately  6.  Section  2  was  identical  with  sec- 
tion 1  except  for  the  admixture  of  5  percent  of  hydrated 
lime. 

The  gradings  and  soil  constants  of  the  mixtures  used 
are  given  in  table  2.  The  effect  of  the  hydrated  lime 
in  increasing  the  liquid  limit  and  reducing  the  plasticity 
index  can  be  seen  by  comparing  the  analyses  of  section 
1  with  section  2  and  section  4  with  section  5. 

Table  1. — Composition  1  of  sections  of  test  trad: 


Section  No. 

1 

2 

3 

4 

5 

6 

Chert  A 

Percent 
45 

Percent 
43 

Percent 
35 

Percent 

Percent 

Percent 

Chert  B 

100 

95 

Chert  C 

95 

55 

52 

Granulated  slag.. 

65 

5 

5 

5 

1  Percentage  based  on  dry  weight. 
Table  2. — Gradings  and  soil  constants  of  mixtures  used  in  track 


Section  No. 

1 

2 

3 

4 

5 

6 

Grading: 

Passing  1-inch  sieve 

Passine  ?4-inch  sieve. 

Passing  J6-inch  sieve 

Percent 
100 
99 
89 
80 
65 
44 
19 
7 

Percent 
100 
99 
90 
81 
64 
37 
12 
5 

Percent 
100 
100 
92 
87 
60 
35 
19 
6 

Percent 
100 
97 
85 
70 
55 
44 
36 
11 

Percent 
99 
92 
79 
63 
46 
33 
26 
11 

Percent 
100 
93 
75 
60 

Passing  No.  10  sieve 

Passing  No.  40  sieve 

Passing  No.  200  sieve 

Passing  0.005  mm 

44 
29 
15 
9 

Dust  ratio  ' 

43 

22 
8 

32 

28 
0 

54 

24 
5 

82 

25 
2 

79 

36 
0 

52 

Tests  on  material  passing  No.  40 
sieve: 
Liquid  limit 

34 

0 

,  t^     .      „•      ,„„rpercentage  passing  No.  200  sieve! 

1  Dust  ratio  =  100 -=-~: — rr— -■ • 

[.percentage  passing  No.  40  sieve  J 
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In  constructing  the  test  sections  sufficient  water  was 
added  to  the  aggregates  to  bring  the  fraction  passing 
the  No.  4  sieve  to  its  optimum  moisture  content  as 
previously  determined  by  the  A.  A.  S.  H.  O.  standard 
compaction  test,  with  a  slight  excess  for  wetting  the 
coarse  aggregates. 

The  moisture  contents  of  all  sections  immediately 
after  being  placed  in  the  track  and  at  the  time  of  failure 
or  end  of  test  are  shown  in  table  3,  together  with  the 
optimum  moisture  contents  for  the  fraction  of  the 
materials  passing  the  No.  4  sieve. 

Table  3. — Moisture  contents  immediately  after  construction 
and  at  the  end  of  test,  and  optimum  moisture  contents  of  the 
fraction  passing  the  ATo.  4  *ieve 


Section  No. 

Optimum 
moisture 
content  of 
fraction  pass- 
ing No.  4 
sieve  ' 

Moisture 

content  of 

sections  after 

placing  J 

Moisture 
content  of 
sections  at 
time  of  fail- 
ure or  end  of 
test! 

1.. _ 

2 

Percent 
11.6 
14.0 
14.6 
16.1 
19.6 
15.8 

Percent 
10.4 
11.2 
10.0 
15.2 
16.0 
10.0 

Percent 

9.9 
14.6 

3 

12.3 

4. 

5. 

6 

15.1 
19.0 
16.7 

1  Based  on  the  dry  weight  of  the  portion  of  the  aggregate  passing  the  No.  4  sieve. 

2  Based  on  the  dry  weight  of  the  total  material. 

The  procedure  for  preparing  the  materials  for  the 
track  tests,  constructing  the  test  sections,  and  surface- 
treating  them,  was  as  follows: 

1.  The  aggregates  were  proportioned  by  weight  from 
the  stock  materials  and  were  thoroughly  mixed  before 
any  water  was  added. 

2.  Hydrated  lime  was  added  to  the  materials  for 
sections  2,  5,  and  6  and  thoroughly  incorporated  in  the 
dry  mixing  process. 

3.  Water  was  added  and  mixing  continued  to  distrib- 
ute the  moisture. 

4.  The  moistened  mixtures  were  then  placed  in  the 
trough  of  the  track  in  two  approximately  equal  layers, 
each  layer  being  compacted  with  pneumatic-tired 
traffic  uniformly  distributed  over  the  surface. 

5.  Compaction  with  distributed  traffic  was  continued 
on  the  top  layer  for  20,000  wheel-trips,  at  which  time  no 
further  subsidence  was  noted  and  all  sections  were  in 
suitable  condition  for  testing. 

6.  The  sections  were  trimmed  smooth. 

7.  A  prime  coat  consisting  of  0.3  gallon  per  square 
yard  of  light  tar  was  applied  and  allowed  to  cure. 

8.  A  surface  treatment  consisting  of  0.4  gallon  of  hot 
tar  and  a  cover  of  50  pounds  per  square  yard  of  %-inch- 
maximum-size  stone  was  constructed. 

9.  The  treated  surface  was  consolidated  by  an  addi- 
tional 20,000  wheel-trips  distributed  over  the  surface. 
The  surface  was  well  sealed  by  then  and  showed  no 
movement. 

RATING   OF  SECTIONS   BASED  ON   APPEARANCE  AND   AMOUNT  OF 
DISPLACEMENT 

The  behavior  of  the  materials  under  test  was  judged 
on  the  basis  of  the  appearance  of  the  sections  at  various 
stages  of  the  tests  supplemented  by  measurements  of 
vertical  displacements  of  the  surface.  Previous  reports 
have  described  the  transverse  2  and  longitudinal  3  pro- 
filometers  with  which  the  measurements  were  made. 

2  Circular  Track  Tests  on  Low-Cost  Bituminous  Mixtures,  by  C.  A.  Carpenter  and 
J.  F.  Goode,  PUBLIC  ROADS,  June  1936. 

3  A  Study  of  Sand-Clay-Gravel  Materials  for  Base  Course  Construction,  by  ('   A. 
Carpenter  and  E.  A.  Willis,  PUBLIC  ROADS,  March  1939. 


By  means  of  a  planimeter,  the  area  between  the 
initial  and  each  succeeding  transverse  profile  made  at 
that  station  was  measured.  That  area  divided  by  the 
width  of  the  track  (18  inches)  gave  the  vertical  displace- 
ment, and  the  average  for  the  two  stations  on  the  sec- 
tion gave  the  average  vertical  displacement  for  that 
section. 

The  area  between  the  initial  and  each  succeeding 
longitudinal  profile  made  in  that  wheel  lane  was  meas- 
ured for  each  section  and  the  area  of  vertical  displace- 
ment determined.  That  area  divided  by  the  length  of 
the  wheel  lane  gave  the  depth  of  rutting  and  the  average 
for  the  two  wheel  lanes  gave  the  average  depth  of  rutting 
for  the  section. 

An  average  vertical  displacement  of  about  0.25  inch, 
measured  after  the  sections  had  been  surface  treated 
and  subjected  to  the  action  of  concentrated  traffic, 
was  observed  to  be  sufficient  to  cause  noticeable  damage 
to  the  bituminous  surface.  This  is  in  agreement  with 
conclusions  reached  in  previous  investigations  using 
the  same  apparatus.  The  amount  of  rutting  meas- 
ured by  the  longitudinal  profilometer  averaged  approxi- 
mately 0.5  inch  at  the  same  time  the  average  vertical 
displacement  was  0.25  inch.  Since  the  average  ver- 
tical displacement  depends  upon  the  width  of  the  track, 
a  comparison  of  average  vertical  displacement  with 
depth  of  rutting  is  only  valid  for  a  track  having  a  width 
of  18  inches. 

Changes  in  behavior  of  the  various  sections  under 
altered  test  conditions  are  clearly  shown  by  abrupt 
changes  in  the  slopes  of  the  displacement  curves,  figure  1 . 

The  schedule  of  traffic  applications  and  changes  in 
water  elevation,  with  notations  on  the  behavior  of  the 
five  test  sections,  are  given  in  table  4.  Initial  profile 
measurements  were  taken  at  40,000  wheel-trips  when 
concentrated  traffic  was  started.  The  average  vertical 
displacements  as  measured  by  the  transverse  profilom- 
eter and  the  average  depth  of  ruts  as  measured  by  the 
longitudinal  profilometer  subsequent  to  that  time  are 
shown  in  figure  1. 

All  sections  compacted  well  and  showed  little  move- 
ment under  distributed  traffic  with  no  water  in  the 
sub-base  (0  to  40,000  wheel-trips). 

Water  was  admitted  and  the  level  raised  to  one-half 
inch  above  the  top  of  the  subbase  at  40,000  wheel-trips. 
The  sections  were  allowed  to  absorb  water  overnight. 
Movement  was  noticed  in  the  base  course  of  section  4 
(chert  B)  as  soon  as  testing  with  concentrated  traffic 
was  started.  At  40,572  wheel-trips,  or  only  572  wheel- 
trips  after  water  was  admitted  to  the  sub-base,  this  sec- 
tion had  failed  completely  and  was  so  rough  that  it  had 
to  be  removed  and  replaced  with  a  dummy  section 
before  testing  could  be  continued. 

Profiles  of  section  4  after  it  had  failed  showed  an 
average  vertical  displacement  of  0.78  inch  and  an  aver- 
age depth  of  rut  of  0.93  inch.  The  condition  of  the 
section  at  40,572  wheel-trips  is  shown  in  figure  2. 

Testing  with  concentrated  traffic  was  resumed  at 
44,972  wheel-trips,  4,400  wheel-trips  of  distributed 
traffic  having  been  applied  to  compact  the  surface  treat- 
ment on  the  dummy  section  which  replaced  section  4. 

Movement  was  noticed  in  section  1,  the  sand-chert 
A  mixture,  soon  after  testing  was  resumed.  This  con- 
tinued throughout  the  testing  period  from  44,972  wheel- 
trips  to  84,400  wheel-trips  with  the  water  level  one- 
half  inch  above  the  top  of  the  sub-base.  The  rutted 
condition  of  section  1 ,  caused  by  lack  of  stability  in  the 
base  course,  is  shown  in  figure  3. 
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Figure  1. 


Rate  of  Surface  Displacement  of  Track  Sec- 
tions  Under  Traffic.  • 


Section  5,  constructed  of  chert  B  with  a  5-percent 
admixture  of  hydrated  lime,  was  slightly  unstable 
when  tested  with  the  water  at  the  /2-inch  level.  Wheel 
tracks  were  plainly  visible  on  the  surface  and  average 
vertical  displacement  exceeded  0.4  inch. 

Sections  2,  3,  and  6  remained  in  good  condition 
during   this   period   of   testing,    although   the   rate   of 


Figure  2. — Appearance  of  Section  4  at  40,572  Wheel-Trips, 
or  572  Wheel-Trips  After  Start  of  Testing  With  Con- 
centrated Traffic. 


Figure  3. — Appearance  of  Section  1  at  84,400  Wheel-Trips, 
After  Testing  With  Water  l/>  Inch  Above  the  Top  of 
the  Sub-Base. 

average  vertical  displacement  for  section  3,  the  chert 
A-slag  section,  indicated  that  continued  traffic  with 
water  at  the  ^-inch  level  would  ultimately  have  pro- 
duced failure. 

ONLY  ONE  SECTION  REMAINED  IN  GOOD  CONDITION  THROUGHOUT 
ENTIRE  TEST 

Water  was  raised  to  2%  inches  above  the  top  of  the 
sub-base  at  84,400  wheel-trips  and  testing  with  concen- 
trated traffic  was  continued.  Under  these  test  condi- 
tions section  1  failed  completely;  sections  3  and  5  were 
slightly  unstable  with  increasing  amounts  of  vertical 
displacement;  and  sections  2  and  6  remained  in  good 
condition.  Section  I  was  removed  at  124,400  wheel- 
trips  and  replaced  with  a  dummy  section. 

Testing  was  then  continued  with  the  water  raised  to 
4}£  inches  above  the  top  of  the  sub-base.  Wheel  loads 
were  increased  from  800  to  1,000  pounds  at  164,400 
wheel-trips. 


Table  4. — Schedule  of  operations  and  behavior  of  test  sections 


Traffic 

Water 
level 
above 
top  of 
sub-base 

Behavior 

Operation 

Sec.  1 

Sec.  2 

Sec.  3 

Sec.  4 

Sec.  5 

Sec  B 

Placing  and  compacting 

Compacting  treated  surface... 

Wheel-trips 

0-20, 000 
20,  000-40,  000 
40,  000-40,  572 
40,  572-44,  972 

44,  972-84,  400 

84,  400-124,  400 

» 124,  400-180,  720 

Inches 
'0 
'0 

'0 

Good 

do 

Good  ... 
...do 

Good 

do 

Good.. 

do 

Failed 

Good 

....do 

do 

do 

Good. 
Do. 

do     ... 

...do 

.  do 

Do. 

Compacting  treated  surface  on  dummy  sec. 

4  with  distributed  traffic. 
Testing  with  concentrated  traffic 

do    

.  do 

do  . 

Do. 

Unstable 

Failed 

...do 

...do 

...do    . 

...  do 

Slightly  unstable  . 

do 

Failed 

Do. 

Do  . 

Slightly  unstable 

Do. 

Do 

Unstable..  

Slightly  unstable.3 

1  No  water  in  sub-base. 

1  Wheel  loads  increased  from  800  pounds  to  1,000  pounds  at  104,400  wheel-trips. 

3  A  soft  spot  developed  in  sec.  6  during  the  last  phase  of  testing  which  rapidly  became  deeper.    The  remainder  of  the  section  remained  good. 


<  figure  4. 
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Figure  4. — Appearance  of  Sections  2,  3,  5,  and  6  at  the 
End  of  Test.  Note  the  Soft  Spot  That  Developed  in 
Section  6. 

At  the  end  of  this  very  severe  treatment,  section  5 
had  failed  completely  and  section  3  was  unstable  and 
in  very  poor  condition.  Figure  4  shows  the  condition 
of  these  two  sections  at  180,720  wheel- trips,  when  testing 
was  discontinued. 

A  soft  spot  developed  in  section  6,  composed  of 
chert  C  with  5  percent  hydrated  lime,  at  about  160,000 
wheel-trips.  Mud  and  water  began  to  work  through 
the  surface  treatment  but  excessive  displacements  were 
not  observed.  However,  when  the  wheel  loads  were 
increased  at  164,400  wheel-trips  a  localized  failure  de- 
veloped at  this  spot  on  section  6.  The  rest  of  the  section 
remained  in  good  condition  throughout  the  test. 

The  appearance  of  section  6  at  the  end  of  testing  is 
shown  in  figure  4.  The  soft  spot  can  be  seen  at  the 
left. 

Section  2,  composed  of  sand,  chert  A,  and  5  percent 
hydrated  lime,  remained  in  good  condition  at  all  times 
during  the  testing.  The  average  vertical  displace- 
ment on  this  section  at  the  end  of  the  test  was  only 
0.05  inch,  and  average  depth  of  ruts  at  the  same  time 
about  0.09  inch.  The  condition  of  section  2  at  the 
conclusion  of  testing  is  shown  in  figure  4. 

The  density  of  each  track  section  was  measured  at 
the  time  of  failure  or  at  the  end  of  the  testing  period. 
The  results  of  these  determinations  are  shown  in  table 
5,  together  with  the  densities  obtained  in  the  standard 
compaction  test  performed  on  the  fraction  of  the  mate- 
rial passing  the  No.  4  sieve. 

Laboratory  compaction  tests  were  also  made  on  the 
materials  as  tested  in  the  track.  The  procedure  for 
making  these  tests  was  similar  to  the  standard  test, 
except  that  a  mold  having  a  capacity  of  one-fourth 
cubic  foot  was  used  and  the  soil  was  compacted  in 


three  layers  with  100  blows  of  the  standard  rammer 
per  layer.  The  results  of  these  tests  are  also  shown  in 
table  5. 

Table  5. — Comparison  of  densities  obtained  by  laboratory  com- 
paction tests  and  by  testing  in  the  circular  track 


Water 

Composition  by  volume 

Section 
No. 

content 
based 

Method  of  compaction 

on  dry 

Water 

Aggre- 

Air 

weight 

gate 

voids 

Percent 

Percent 

Percent 

Percent 

f             1 

11.6 

23.0 

72.  2 

4.8 

o 

14.0 

25  9 

67.1 

7.0 

Standard  compaction  test  on 

3 

14.6 

28.2 

70.2 

1.6 

fraction  passing  No.  4  sieve.. 

1               4 

16.1 

27.6 

62.3 

10.1 

5 

19.6 

31.1 

57.8 

11.  1 

I              6 

15.8 

28.1 

64  6 

7.3 

(               1 

13.3 

26.3 

71.9 

1.8 

2 

15.0 

29.2 

70.8 

0 

Compaction    test    on    entire 

3 

14.1 

26.9 

69.3 

3.8 

sample  in  \\  cubic  foot  mold 

4 

14.0 

24.9 

64.7 

10.4 

5 

18.0 

31.0 

62.7 

6.3 

I              6 

13.8 

26.2 

69  1 

4.7 

1               1 

9.9 

20.2 

74.0 

5.8 

2 

14.6 

26.0 

64.7 

9.3 

Samples  cut  from  track  at  end 

3 

12.3 

24.0 

71.0 

5.0 

of  test  or  time  of  failure 

4 

15.1 

26.5 

63.9 

9.6 

5 

19.0 

32.7 

62.6 

4.7 

6 

16.7 

29.0 

63.2 

7.8 

The  addition  of  5  percent  hydrated  lime  reduced  the 
densities  of  both  the  sand-chert  A  mixture  and  chert  B 
in  the  track  sections  as  well  as  in  the  laboratory  com- 
paction tests.  Thus  the  amount  of  aggregate  solids 
by  volume  for  the  section  1  materials  in  the  standard 
compaction  test  was  72.2  percent;  in  the  compaction 
test  in  the  %  cubic  foot  mold,  71.9  percent;  and  in  the 
track,  74.0  percent.  Corresponding  aggregate  volumes 
for  the  section  2  materials,  which  were  similar  to  section 
1  except  for  the  addition  of  5  percent  hydrated  lime 
were,  respectively,  67.1  percent,  70.8  percent,  and  64.7 
percent.  Similarly,  the  densities  of  the  section  5  mate- 
rials, chert  B  with  5  percent  hydrated  lime,  were  con- 
sistently lower  than  the  corresponding  densities  of  the 
section  4  material,  which  was  chert  B  without  admixture. 

No  consistent  relationship  was  found  between  densi- 
ties measured  by  either  of  the  laboratory  compaction 
methods  and  those  obtained  in  the  track.  The  closest 
agreement  was  between  the  track  densities  and  densi- 
ties obtained  by  the  standard  compaction  test. 

In  sections  1,  3,  and  4,  where  hydrated  lime  was  not 
used,  the  track  densities  were  higher  than  those  obtained 
in  the  standard  compaction  test.  In  sections  2  and  6, 
where  lime  was  used,  the  reverse  was  true.  In  section 
5,  which  also  contained  lime,  the  track  densities  were 
the  higher. 

SUMMARY 

The  grading  curves  for  the  six  combinations  of 
materials  tested  are  shown  in  figure  5.  The  shaded 
band  in  this  figure  is  drawn  to  include  the  A.  A.  S.  H.  O. 
specification  requirements  for  coarse-graded-type  aggre- 
gate base-course  materials  having  a  maximum  size  of 
1  inch.  The  curve  for  the  section  6  material  is  the  only 
one  which  falls  entirely  within  the  specification  limits. 
These  specifications  further  stipulate  that  the  fraction 
passing  the  No.  40  sieve  shall  have  a  liquid  limit  not 
greater  than  25  and  a  plasticity  index  not  greater  than  6. 
All  mixtures  tested  in  the  track  had  plasticity  indexes 
of  less  than  6  except  that  used  in  section  1.  The 
liquid  limits  of  the  materials  used  in  sections  2,  5,  and  6 
exceeded  25  (see  table  1).     All  three  of  these  sections, 

(Continued  on  page  80) 


BENDING  TESTS  ON  BITUMINOUS  MIXTURES 

BY  THE  DIVISION  OF  TESTS,  PUBLIC  ROADS  ADMINISTRATION 


Reported  by  W.  O'B.  HILLMAN,  Assistant  Highway  Engineer 


BENDING  TESTS  on  bituminous  paving  mixtures 
i  have  been  made  for  some  time.  Id  1923  and  1924 
the  Public  Roads  Administration  made  a  series  of 
such  tests,  the  results  of  which  were  not  published, 
which  seemed  to  indicate  some  relationship  between 
stiffness  of  the  mixture  and  cracking  of  the  pavement 
in  service.  Bituminous  surfaces  that  had  cracked  in 
service  were  generally  found  to  consist  of  stiffer  mixes, 
as  determined  by  bending  tests,  than  those  which  had 
not  cracked.  These  tests  were  made  at  32°  F.  and 
77°  F.  using  a  small  universal  testing  machine  to  apply 
a  center  load  on  a  2-inch  by  2-inch  beam  with  a  span 
of  10  inches. 

Recently  Professor  Lloyd  F.  Rader,1 2  3  4  of  Brooklyn 
Polytechnic  Institute,  made  bending  tests  upon  sheet 
asphalt  mixtures  at  temperatures  as  low  as  —70°  F., 
cooling  the  specimens  with  dry  ice.  He  used  beams  2 
inches  wide  and  1%  inches  deep  with  a  span  of  6  inches. 
A  center  load  was  applied  with  a  testing  machine. 
Both  laboratory  prepared  specimens  and  specimens  cut 
from  pavements  were  tested.  Rader  studied  the  effect 
of  temperature,  degree  of  compaction,  type  of  asphalt, 
and  percentage  of  asphalt,  upon  the  test  results.  At 
the  lowest  temperatures  straight  load-deflection  curves 
were  obtained  but  at  higher  temperatures  they  were 
considerably  curved.  The  modulus  of  rupture  and  the 
modulus  of  elasticity  were  calculated.  On  the  field 
specimens  Rader  found  that  in  general  the  uncracked 
pavements  had  higher  moduli  of  rupture  and  lower 
moduli  of  elasticity  than  the  cracked  pavements. 

Raschig  and  Doyle  6  6  have  also  made  bending  tests 
on  laboratory  prepared  specimens  and  specimens  taken 
from  pavements.  These  beam  specimens  were  1.5 
inches  square,  tested  as  cantilevers  with  lengths  of  4 
inches.  Tests  were  made  at  —5,  25,  and  38°  F.  and  the 
modulus  of  elasticity  and  modulus  of  rupture  were 
calculated. 

SPECIAL  BEAM  TESTING    MACHINE   DESIGNED  AND  BUILT 

These  previous  investigations  have  indicated  the  pos- 
sible value  of  the  flexure  test  as  a  means  for  studying 
the  essential  characteristics  of  bituminous  paving  mix- 
tures and  the  reasons  for  the  variable  behavior  of  bi- 
tuminous pavements.  This  investigation  was  under- 
taken primarily  to  study  the  effect  of  different  variables 
upon  the  test  results  obtained  with  laboratory  speci- 
mens although,  as  a  matter  of  interest,  some  data  from 
tests  on  samples  taken  from  pavements  are  included  in 
the  report. 

1  Investigations  of  the  Physical  Properties  of  Asphaltic  Mixtures  at  Low  Temper- 
atures, Proceedings  of  the  Association  of  Asphalt  Paving  Technologists,  January 
1935. 

2  Investigations  of  the  Physical  Properties  of  Asphaltic  Mixtures  at  Low  Temper- 
atures, Proceedings  of  the  American  Society  for  Testing  Materials,  1935. 

1  Correlation  of  Low  Temperature  Tests  with  Resistance  to  Cracking  of  Sheet 
Asphalt  Pavements.  Proceedings  of  the  Association  of  Asphalt  Paving  Technol- 
ogists, January  1936. 

4  Report  on  Further  Research  Work  on  Correlation  of  Low  Temperature  Tests 
with  Resistance  to  Cracking  of  Sheet  Asphalt  Pavements.  Proceedings  of  the 
Association  of  Asphalt  Paving  Technologists.  January  1937. 

8  Some  Recent  Research  on  Asphalt  Pavement.  Proceedings  of  the  Association  of 
Asphalt  Paving  Technologists,  January  1937. 

6  An  Extension  of  Asphalt  Research  as  Reported  in  then1937  Proceedings.  Pro- 
ceedings of  the  Association  of  Asphalt  Paving  Technologistsi'December  1937. 
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Figure  1. — Diagrammatic  Sketch  of  Bending  Apparatus. 

Bituminous  paving  mixtures  are  plastics  and  there- 
fore the  results  of  bending  tests  on  them  depend  to  a 
great  degree  on  the  rate  at  which  loads  are  applied. 
Since  a  testing  machine  that  would  apply  the  load 
smoothly  and  at  a  uniform  rate,  and  still  be  sensitive 
in  the  low  range  of  load  necessary,  was  not  available, 
it  was  necessary  to  design  and  build  a  special  machine 
for  making  these  tests.  A  sketch  of  this  machine  is 
given  in  figure  1  and  a  general  view  on  the  cover  page 
of  this  issue. 

It  consists  of  two  beam  supports  which  can  be 
adjusted  for  spans  of  6,  8,  and  10  inches,  and  a  multi- 
plying lever  arrangement  for  applying  a  load  at  the 
center  by  means  of  lead  shot.  A  water  bath  is  used 
so  that  the  specimen  can  be  maintained  at  a  definite 
temperature  during  the  testing  operation.  Deflections 
are  measured  with  an  Ames  dial  which  measures  the 
travel  of  the  top  lever.  Specimens  as  large  as  3  inches 
by  3  inches  can  be  tested.  The  rate  of  load  applica- 
tion can  be  varied  from  about  75  pounds  per  minute 
to  about  500  pounds  per  minute. 

A  limited  number  of  tests  have  been  made  so  far 
primarily  to  try  out  the  apparatus,  determine  the  effect 
of  controllable  variables  upon  the  test  results,  and 
decide  upon  a  standard  method  of  test.  Laboratory 
specimens  were  made  of  Potomac  River  sand,  limestone 
dust,  and  50-penetration  Mexican  asphalt.  In  order 
to  reduce  as  much  as  possible  the  hardening  of  the 
asphalt  during  the  fabrication  of  the  specimens,  only 
sufficient  mixture  to  make  one  beam  was  prepared  at  a 
time.  Beams  were  formed  in  a  2-inch  by  11-inch  mold 
by  direct  compression  of  3,000  pounds  per  square  inch 
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Figure   2. — Typical  Load-Deflection   Curve. 

using  two  opposed  plungers.  The  tliickness  was  con- 
trolled by  the  amount  of  material  placed  in  the  mold. 

On  the  day  following  molding  of  the  specimens  they 
were  tested  for  specific  gravity  and  then  brought  to  test 
temperature  by  immersion  in  a  water  bath  for  VA  hours. 
They  were  then  placed  in  the  test  apparatus  with  plates 
Vi  inch  wide  between  the  beam  and  the  knife  edges  to 
keep  the  knife  edges  from  indenting  the  beams.  Load- 
ing was  started  and  the  Ames  dial  read  at  convenient 
time  intervals  until  the  beam  broke.  As  the  shot  flows 
at  a  uniform  rate,  the  load  is  proportional  to  the  time 
and  the  load-deflection  curves  were  plotted  as  in  figure  2. 

It  is  customary  in  reporting  the  results  of  bending 
tests  to  use  the  modulus  of  rupture  as  a  measure  of  I  lie 
strength  of  the  material  and  the  modulus  of  elasticity 
as  a  measure  of  the  stiffness.  The  modulus  of  rupture 
was  calculated  from  the  formula 


S-- 


:2bd*~ 


where  S=the  modulus  of  rupture  in  pounds  per  square 
inch ; 
P  =  the    breaking    load; 
/=the  span  in  inches; 
6  =  the  width  of  the  beam;  and 
(i=the  depth  of  the  beam. 

None  of  the  load-deflection  curves  was  straight  and  it 
was  necessary  to  calculate  a  secant  modulus  of  elastic- 
ity. Because  of  difficulty  in  correctly  ascertaining  the 
initial  dial  reading,  only  the  portion  of  the  curve  be- 
tween one-fifth  and  one-half  the  breaking  load*  was 
used.     The    formula    for    modulus    of   elasticity  _  then 

became 

p 

E=4b¥R 

where  E—  the    modulus    of    elasticity    in    pounds    per 

square  inch; 
2?  =  the  average  rate  of  deflection  in  inches  per 

pound  of  load ;  and 
I,  6,  and  d  are  the  same  as  in  the  formula  for 

modulus  of  rupture. 

RATE  OF  LOADING  AFFECTED  MODULI  OF  RUPTURE  AND  ELASTICITY 

Tests  were  first  made  to  determine  the  effect  of 
changing  the  rate  of  loading  upon  the  test  results. 
Identical  beams  were  tested  at  39°  F.  using  three 
different  rates  of  loading.  The  results,  plotted  in 
figure  3,  show  that  increasing  the  rate  of  loading  in- 
creases the  modulus  of  rupture  and  the  modulus  of 
elasticity. 
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Figure  3. — Effect  of  Changing  Rate  of  Loading  Upon  the 
Test  Results. 

In  connection  with  the  tests  to  determine  the  effect 
of  rate  of  loading,  a  few  beams  were  tested  with  con- 
stant loads.  Time-deflection  curves  for  these  beams 
are  shown  in  figure  4,  together  with  the  curve  for  a 
beam  tested  in  the  usual  manner.  It  required  almost 
4  minutes  and  a  load  of  485  pounds  to  break  the  beam 
when  the  load  increased  at  the  rate  of  125  pounds  per 
minute.  However,  a  constant  load  of  353  pounds, 
less  than  %  of  the  increasing  load,  broke  the  beam  in 
less  than  3  minutes.  Loads  of  295  and  235  pounds 
broke  the  beams  in  about  5  and  13  minutes,  respectively. 

Tests  were  made  to  determine  the  validity  of  the 
formulas  for  modulus  of  rupture  and  modulus  of  elastic- 
ity when  applied  to  bituminous  beams  by  testing  beams 
of  the  same  composition  but  of  various  dimensions  and 
with  various  spans.  Because  of  the  great  difference  in 
test  results  obtained  with  different  rates  of  loading,  it 
was  necessary  to  assume  that  the  modulus  of  rupture 
formula  was  applicable  and  to  vary  the  rate  of  loading 
directly  as  the  width  of  the  beam,  directly  as  the  square 
of  the  depth  of  the  beam,  and  inversely  as  the  test  span. 
The  rate  of  stress,  calculated  from  the  modulus  of  rup- 
ture formula,  would  thus  be  a  constant. 

Specimens  1,  1}{,  and  2  inches  deep  were  made.  For 
testing  beams  of  different  widths  these  were  turned  on 
edge  to  give  beams  2,  l}{,  and  1  inch  wide  and  2  inches 
deep.  These  were  tested  on  a  span  of  8  inches,  the 
loads  being  applied  at  the  rate  of  120  pounds  per  inch 
width  per  minute.  The  results,  given  in  table  1,  show 
that  beams  of  different  widths  but  of  the  same  depth 
when  tested  on  the  same  span  have  practically  the 
same  modulus  of  rupture  and  modulus  of  elasticity. 
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Figure  4. — Time-Deflection  Curves  tor  Beams  Subjected  to  Constant  and  Increasing  Loads. 


The  results  of  tests  on  beams  with  various  depths 
and  test  spans  are  given  in  table  2.  In  order  to  show 
the  amount  of  variation  among  the  individual  tests 
all  the  results  are  given.  For  the  sizes  of  beams  used 
in  these  tests  the  depth  and  test  span  do  not  appear 
to  affect  greatly  the  value  of  the  modulus  of  rupture. 
The  short,  deep  beams,  however,  have  lower  values  for 
modulus  of  elasticity  than  have  the  longer  and  thinner 
beams.  Part,  if  not  all,  of  this  variation  in  modulus 
of  elasticity  is  probably  caused  by  assuming  that  all  tbe 
deflection  is  caused  by  bending  stresses,  whereas  with 
deep  beams  of  short  spans  a  considerable  amount  of 
deflection  is  caused  by  shearing  stresses. 

Figure  5  shows  that  increasing  the  density  of  the 
specimens  by  greater  compaction  increases  both  their 
strength  and  stiffness. 


Table   1. — Effect   of  width   of  lest   specimen   on   the    results   of 
bending  tests  at  39°  F . 


Width  of 
specimen 

Modulus  of 
rupture 

Modulus  of 
elasticity 

Inches 
2.0 
1.5 
1.0 

Lb.  per  sq.  in. 
660 
690 
630 

Lb.  per  sq.  in. 
32,  000 
32, 000 
35, 000 

Figures  6  and  7  show  the  effect  of  temperature  upon 
the  test  results.  Temperatures  as  low  as  0°  F.  were 
obtained  using  mixtures  of  ice,  salt,  and  water.  The 
temperature  of  —27°  F.,  shown  in  figure  7,  was  ob- 
tained in  a  refrigerator.  The  specimens  were  kept  in 
the  refrigerator  for  3  hours  and  then  tested,  the  bath 
of  the  testing  apparatus  being  filled  with  ice,  salt,  and 
water  at  0°  F.  Because  of  the  large  amount  of  ice 
required  to  obtain  temperatures  below  39°  F.  it  was 
difficult  to  place  the  specimens  correctly  in  position 
for  testing.  The  results,  therefore,  are  not  as  con- 
sistent as  tbey  are  at  temperatures  of  39°  F.  and 
higher.  Nevertheless,  they  do  show  in  a  general  way 
how  a  reduction  in  temperature  increases  the  strength 
and  stiffness  of  a  mixture. 
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Figure  5. — Effect  of  Variations  in  Density  Upon  Modulus 
of  Rupture  and  Modulus  of  Elasticity  of  Specimens. 

effect  of  composition  on  beam  strength  investigated 

Mixtures  were  made  with  four  different  percentages 
of  asphalt  and  four  different  ratios  of  sand  and  filler. 
All  specimens  were  2  inches  deep  molded  under  a 
pressure  of  3,000  pounds  per  square  inch.  Specimens 
were  tested  at  39°  F.  with  a  span  of  8  inches,  applying 
the  load  at  120  pounds  per  minute,  which  gave  a  rate 
of  stress  of  180  pounds  per  square  inch  per  minute. 
Results  arc  given  in  table  3  and  in  figures  8,  9,  and  10. 
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Figure  P. — Effect  of  Temperature  Upon  Modulus  of 
Rupture   and    Modulus   of   Elasticity   of    Specimens. 

Table  2. — Effect  of  beam  dimensions  on  the  results  of  bending  tests 
at  89  °  F.  when  the  rate  of  stress 1  was  550  -pounds  -per  square  inch 
per  minute 


Depth 

Span 

1  inch 

1H  inches 

2  inches 

Modulus 

of 
rupture 

Modulus 
of  elas- 
ticity 

Modulus 

of 
rupture 

Modulus 
of  elas- 
ticity 

Modulus 

of 
rupture 

Modulus 
of  elas- 
ticity 

Lb.  per 
sq.  in. 

1         688 
611 
712 

J           768 
702 
896 
762 
820 
745 

(          765 

803 

|           795 

[           765 

782 

f          714 
1          721 
1           787 
1           758 
745 

Lb.  per 
sq.  in. 
51,  000 
39, 000 
45,  000 
47,  000 

Lb.  per 
sq.  in. 
683 
720 
790 
740 
818 
878 
818 
806 
782 

762 
755 
815 
809 
785 

683 
693 
784 
758 
730 

Lb.  per 
sq.  in. 
36, 000 
32, 000 
46, 000 
46,  000 
50,  000 
50,  000 
34,  000 
36,  000 
41,  000 

50,  000 
63, 000 
66,  000 
61,000 
00,  000 

61,000 
59,000 
62,000 
62,  000 
61, 000 

Lb.  per 
sq.  in. 
774 
771 
756 
844 
816 
864 
764 
792 
797 

781 
823 
832 
754 
798 

739 
828 
756 
758 
770 

Lb.  per 

sq.  in. 
34, 000 
34,  000 

6  inches... 

48, 000 

33,  000 

Average 

8  inches 

60,000 
52,  000 
56,  000 
50,  000 

56,  000 
66, 000 
73,  000 
63,  000 
64, 000 

50,000 
50, 000 
82, 000 
70, 000 
63, 000 

42,  000 
33,  000 
33,  000 
37,  000 

50, 000 

57, 000 

Average 

10  inches  

53,  000 
45,  000 
52,  000 

54, 000 
62,  000 

Average 

54,  000 
54,  000 
56,  000 

1  The  rate  of  stress  is  the  modulus  of  rupture  divided  by  the  time  required  to  break 
the  beam. 

For  mixtures  containing  0,  5,  and  10  percent  dust  the 
modulus  of  rupture  increased  with  increasing  amounts 
of  asphalt  up  to  14  percent,  but  for  mixtures  containing 
15  percent  dust  the  maximum  modulus  of  rupture  was 
obtained  with  12  percent  asphalt. 

Figure  9  shows  the  composition  of  the  specimens  by 
volume  and  indicates  why  the  modulus  of  rupture 
decreased  when  the  mixture  contained  14  percent 
asphalt  with  15  percent  filler  in  the  aggregate.  With 
0,  5,  and  10  percent  filler  in  the  aggregate  the  increase 
of  asphalt  from  8  to  14  percent  increased  the  per- 
centage of  aggregate  in  the  specimen.  With  15  percent 
filler  in  the  aggregate  the  percentage  of  aggregate  by 
volume  increased  at  a  uniform  rate  with  increases  in 
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Figure  7. — Effect  of  Temperature  Upon  Modulus  of  Rup- 
ture and  Modulus  of  Elasticity    of   Specimens. 

asphalt  up  to  12  percent,  but  with  14  percent  asphalt 
the  percentage  of  the  aggregate  was  decreased. 

Table    3. — Results   of  bending   tests   on   specimens  l    made   with 
various  amounts  of  asphalt  and  filler 


Percent- 
age of 

Percentage  of  filler  in  aggregate 

asphalt 
1 

0 
|      385 

5 

10 

15 

Modulus  of  rupture. . 

.lb.  per  sq.  in.. 

450 

490 

570 

Modulus  of  elasticity . 

..do.... 

8 

{20,000 

26,  000 

31,000 

38.  000 

Total  deflection 

.  ..  ... inches. - 

I 

I  0.  185 

0.170 

0.  140 

0.130 

Modulus  of  rupture. . 

-lb.  per  sq.  in._ 

|       465 

555 

600 

710 

Modulus  of  elasticity. 

___.do.___ 

10 

{22.000 

26.  MOO 

31,  000 

44,  000 

Total  deflection..   ..  . 

...inches.. 

1 

(  0.  190 

0.  190 

0.165 

0.140 

Modulus  of  rupture. . 

lb.  per  sq.  in.. 

1 

I       555 

650 

780 

915 

Modulus  of  elasticity. 

do.... 

12 

■22,000 

28,  000 

35,  000 

43,  000 

Total  deflection.. 

inches  . 

I 

I  0.210 

0  220 

0.190 

0.190 

Modulus  of  rupture. . 

.lb.  per  sq.  in.  - 

1 

|       785 

865 

895 

850 

Modulus  of  elasticity. 

do.... 

14 

{ 2-1,000 

25,  000 

25,  000 

22,  000 

Total  deflection 

_._ inches  - 

I 

[  0.  300 

0.  330 

0.330 

0  330 

1  2-inch  by  2-inch  specimens  tested  with  span  of  8  inches.    Test  temperature, 
39°  F.    Rate  of  stress,  180  pounds  per  square  inch  per  minute. 

Figure  10  shows  the  modulus  of  elasticity  and  the 
total  deflection  of  the  various  mixtures.  There  is  little 
consistent  difference  between  the  moduli  of  elasticity 
of  the  specimens  containing,  8,  10,  and  12  percent 
asphalt.  All  became  stiffer  as  the  amount  of  dust  was 
increased.  As  the  strengths  of  the  specimens  in- 
creased with  increasing  asphalt  contents,  the  total 
deflections  increased  likewise  although  the  moduli  of 
elasticity  were  about  the  same.  With  14  percent 
asphalt  the  modulus  of  elasticity  was  about  the  same 
for  0,  5,  and  10  percent  dust  but  decreased  with  15 
percent  dust.  With  10  and  15  percent  dust  the 
modulus  of  elasticity  was  much  lower  than  that  of 
specimens  containing  8,  10,  and  12  percent  asphalt. 
The  total  deflection  of  the  specimens  containing  14 
percent  asphalt  was  much  greater  than  the  deflection 
of  the  specimens  containing  less  asphalt. 
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Table  4. — Results  of  bending  tests  on  various  types  of  surfaces 
from  Ohio  projects 


Specimen 

No. 

Type  of 
surface 

Age 

Condition  of 
surface 

Rate  of 
stress 

Modu- 
lus of 
rup- 
ture 

Modu- 
lus of 
elastic- 
ity 

43309-1 

43309-2 

43309-3 

>Sheet    asphalt    on 
I     binder  course. 

Years 

Good 

Lb.  per 
sq.  in. 
jtir  nun. 
|        141 
143 
I       145 

Lb.  per 

sg.  in. 

962 

1,040 

1,037 

Lh.  per 
ill-  in. 

36,  000 

37,  000 
40,  000 

Average- . 

1,015 

880 
960 
840 

38,  000 

43319-1 
43319-2 
43319-3 

>Two-course     bitu- 
1     rninous  concrete. 

VA 

Excellent 

(       145 
{       149 
1       145 

84,000 

92,  000 

92,  000 

Average.. 

895 

818 
910 
854 

89,  000 

43321-1 
43321-2 

1      .do 

4  + 

flood 

|       138 
•        139 
l       139 

61,000 
105  000 

43321-3 

I 

101,000 

Average. . 

860 

850 

812 

89,  000 
83,000 

43322-1 

\  ...do 

2)  2 

Excellent 

f       228 
1       262 

43322-2 

J 

103,000 

Average.. 

830 

724 
7  is 
852 
902 

93  ooo 

43306-1 
43306-2 
(3306-3 

43306-4 

L. .do 

3+ 

Good 

f       150 
1       140 
1        144 
I       135 

92,  OOO 
103.000 

1IIO,  IIO0 
90,0(10 

800 

712 
738 
704 

98  000 

43320-1 
43320-2 

1  ...do 

4  + 

G  e  n  e  r  a  1 1  y 

cracked. 

I       143 
I       145 
1       142 

82,000 
137  000 

43320-3 

I 

108,000 

Average.. 

720 

648 
668 

109  000 

43318-1 
43318-2 

}..-do 

4+ 

do 

/       136 
I       142 

56,  000 

In,  mill 

Average. . 

660 

524 
620 
617 
554 

48,  000 

43311-1 
43311-2 
43311-3 
43311-4 

>Sheet    asphalt    on 
1     binder  course. 

63  i 

....do 

(       140 

142 

1       142 

I       140 

24,  000 
84, 000 

96, 

94,  000 

Average.. 

580 

489 
577 
632 
520 

75.  000 

43304-1 
43304-2 
43304-3 
43304^ 

1  i  «  q-oourse     bitu- 
[     minous  concrete. 

3+ 

Badly  cracked 

and  worn. 

f       140 
1       142 
1       140 

I       143 

112.000 

76,000 

102,000 

103,  000 

Average. . 

555 

520 
566 
576 
505 

'.is  onii 

43326-1 
43326-2 
43326-3 
43326-4 

1      .do 

5)  i 

Badly  cracked. 

f       140 
I       142 
|       141 

1       140 

103.1100 
80,000 

105,000 
56,  000 

Average.. 

540 

536 
454 

86,  000 

78,000 

90,  000 

43323T-1.... 
43323T-2.... 

(Bituminous     con- 
(     crete. 

2+ 

Good  

f       140 
1       143 

Average.. 

495 

580 
448 

84  000 

43323B-1.... 

IBituminous      con- 
/    crete     (base    for 
above). 

/       177 

1       161 

100,  000 

43323B-2.... 

100,  000 

Average.  . 

515 

462 
335 
522 

475 

ioo  ooo 

43316-1 

43316-2 

43316-3 
43316-4 

iTwo-coursc     bitu- 
|     minous  concrete. 

PA 

Badly  cracked 
and  ravelled. 

(       141 
1       145 
1       141 
1       140 

102,  000 
153,000 
161,000 

115,000 

Average.. 

450 

133  000 

«  Tested  at  39°  F.    Span,  6  inches. 

In  order  to  obtain  information  about  the  character- 
istics of  actual  pavements  when  tested  in  this  manner, 
samples  were  obtained  from  several  pavements  in  Ohio 
and  Wisconsin  and  from  one  pavement  in  the  District 
of  Columbia. 

The  samples  from  Ohio  were  representative  of  sev- 
eral types  of  bituminous  surfacing.  The  specimens 
were.  2  inches  wide  and  2  inches  deep.  Each  specimen 
contained  all  of  the  top  course  and  a  portion  of  the  base 
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Figure  8. — Effect  of  Composition  Upon  the   Modulus  of 
Rupture. 
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Figure    10. — Effect    of    Composition    Upon    Modulus 
Elasticity  and  Total  Deflection. 
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course.  They  were  tested  at  39°  F.  on  a  span  of  (i 
inches  with  the  wearing  surface  in  tension.  The  results 
are  given  in  table  4.  Samples  are  arranged  in  order 
of  strength.  It  is,  of  course,  difficult  to  correlate  lab- 
oratory results  with  field  behavior  as  there  are  so  many 
unknown  factors  contributing  to  the  failure  of  a  surface. 
All  of  the  pavement  samples  were  taken  from  locations 
where  the  base  was  in  good  condition.  Generally,  the 
good  pavements  had  the  highest  modulus  of  rupture 
but  there  seems  to  be  little  correlation  between  the 
modulus  of  elasticity  and  the  condition  of  the  pavement. 
The  samples  from  Wisconsin  and  the  District  of 
Columbia  were  of  sheet  asphalt  and  in  most  cases  the 
binder  course  was  sawed  off  before  testing.  These 
specimens  were  2  inches  wide  and  slightly  over  1  inch 
thick.     A  few  samples  were  tested  with  enough  of  the 
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Figure  11. — Effect  of  Density  Upon  the  Modulus  of 
Rupture  of  Sheet  Asphalt  From  Connecticut  Ave., 
District  of  Columbia. 

binder  course  to  make  specimens  2  inches  deep.  All 
specimens  were  tested  at  39°  F.  on  a  span  of  6  inches 
with  the  wearing  surface  in  tension.  Results  of  these 
tests  are  given  in  tables  5,  6,  and  7. 

The  samples  from  the  District  of  Columbia  were 
taken  immediately  after  the  pavement  had  been  laid. 
They  were  all  the  same  composition,  varying  only  in 
density,  and  it  is  seen  in  figure  11  that  there  is  a  direcl 
relationship  between  the  density  and  strength  of  the 
specimens.  Comparing  tables  5  and  6  it  is  seen  that 
for  the  2-inch  specimens  the  modulus  of  rupture  is 
somewhat  lower  and  the  modulus  of  elasticity  consid- 
erably lower  than  for  the  1-inch  specimens.  A  great 
part  of  this  difference  is  caused  by  the  difference  in  the 
rate  of  stress  during  the  two  tests.  The  pavement 
from  which  these  samples  were  taken  was  in  good  con- 
dition in  September  1939  after  3%  years  service. 

All  of  the  Wisconsin  samples  were  from  pavements  in 
good  condition.  Differences  in  composition  account  for 
the  differences  in  strength  and  stiffness. 

Table  5. — Results  of  bending  tests  on  samples  '  of  sheet  as]>hal! 
from  Connecticut  Ave.,  Washington,  D.  C. 


-'  'linn  Xo. 

Specific 
gravity 

Modulus 
of  rupture 

Total 
deflection 

Modulus 
of  elasticity 

A-l 

1.99  .   .. 

2.05 

(2.02 

[2.04 

2.05 

2.07- . 

2.10 

12.01 .  . 

I'-'o::   

Lb.  per 

sq.  in 

1             619 

\              514 

f              777 

i               671 

J              774 

t               688 

f              813 

1               77(1 

(              753 

791 

752 

862 

f              887 

917 

|              912 

856 

968 

1          1,015 

I           1,010 

1           1,016 

/              7 19 

\               7(16 

f              805 

1             820 

Inches 
0.090 
.060 
.095 
.070 
.100 
.090 
.090 
.095 
.095 
.090 
.  075 
.080 
.120 
.  105 
.115 
.  1 10 
.100 
.090 
.  100 
,095 
.Kin 
.080 
.110 
.090 

Lb.  per 
sq.  in. 
65, 000 

A-2 

C-l 

68, 000 
67,  000 
95,  000 
49,000 
61,000 

C-2 

70,000 
65,000 
6S,  000 
68,000 

D-l 

80.  000 
83, 000 
62,  000 
70.  000 

D-2 

D-3 

77.  noo 
ill.  noo 

72,  000 
SI.  000 
82.  000 
82,  000 
6^,000 
66,  000 

62, 000 
-     000 

1  Top  course  only,  1.1  to  1.2  inches  thick,  2  inches  wide.    Tested  at  39°  F. 
6  i  riches.     Rate  of  stress,  425  pounds  per  square  inch  per  minute. 


Span, 


Table  6. — Results  of  bending  tests  on  samples  '  of  sheet  asphalt 
from  Connecticut  Ave.,  Washington,  D.  C. 


Section  No. 

Specific 
gravity 

Modulus  of 
rupture 

Total  de- 
flection 

Modulus  of 
elasticity 

C-l 

{    i 

{    i 

2 
2 
2 

16 
16 
17 
17 
14 
15 
1? 

Lb.  per  sq. 
in. 
778 
758 
747 
792 
721 
882 
618 

Inches 

O   (ISO 

.090 
.085 
.080 
.095 
.100 
-     .080 

Lb.  per  sq. 
in. 
48, 000 
41, 000 
39, 000 
44, 000 

34,  000 

35,  000 

C-2 

D-l 

D-2 

D-3... 

37, 000 

1  Top  and  binder  course  sawed  to  thickness  of  2  inches.    Tested  at  39°  F.     Span, 
6  inches.    Rate  of  stress,  150  pounds  per  square  inch  per  minute. 

Table  7. — Results  of  bending  tests  on  samples  l  of  sheet  asphalt 
from  Wisconsin 


Specimen  No. 

Rate  of 
stress 

Modulus 
of  rupture 

Total 
deflection 

Modulus  of 
elasticity 

43331              

Lb.  per  sq. 
in.  per  min. 
<             450 
\             465 
/             460 
\             455 
/             420 
\             420 
435 
/             490 
\             490 
J             480 
\             480 
/             425 
{              425 
445 
470 
470 
f             470 
\              485 
f              465 
\             430 
J             465 
\             445 
430 
/             430 
\             465 
/             430 
1             420 
465 

Lb.  per  sq. 
in. 
1,125 
1,220 
1,069 
1,308 
1,039 
1,034 
1,142 
1,244 
1,233 
1,039 
1,120 
1,094 
1,117 
1,142 
1,174 
1,116 
1,105 
1,183 
1,130 
1,106 
1,020 
983 
891 

S.S.S 

1,004 
944 
939 
990 

Inches 

0.060 
.075 

Lb.  per  sq. 
in. 

128,000 
96, 000 
120,000 

43332    -- 

.075 
.055 
.055 

110,000 
119,000 

43335                   ... 

43341 

117,000 
138,000 

43342        

.110 
.120 
.090 
.090 
.105 
.080 
.080 
.110 
.125 
.075 
.090 
.105 
.095 
.150 
.140 
.115 
.100 
.115 
.160 
.170 
.120 

98, 000 

43343 

98, 000 
103, 000 

43333 

109,  000 
70, 000 

3334 

101.000 

43344 

77,  000 

43345    .         _ 

74, 000 

43346  ... 

106, 000 

43347 - 

106,  000 

XX,  1  lllll 

43336      

78,  000 
66, 000 

43337 

63, 000 
65, 000 

43338  

77, 000 

43339. _ 

86, 000 

58,  000 

43340... - — 

55,  000 
87,  000 

i  Top  course  only,  1.1  to  1.2  inches  thick.    Tested  at  39°  F.    Span,  6  inches. 

These  results  of  tests  on  actual  surfaces  are  reported 
only  as  an  indication  of  the  possibilities  of  this  type  of 
investigation. 

SUMMARY 

These  flexure  tests  of  bituminous  mixtures  with  a 
constant  rate  of  loading  show  that  the  modulus  of 
rupture  and  the  modulus  of  elasticity  both  increase  as 
the  rate  of  stress  increases. 

With  a  constant  rate  of  stress  it  is  indicated: 

1.  That  the  value  of  the  modulus  of  rupture  is  not 
greatly  influenced  by  the  ratio  of  span  length  to  depth 
of  the  test  specimen. 

2.  That  for  a  given  span  length  the  value  of  the 
modulus  of  elasticity  decreases  as  the  depth  of  beam 
increases  and  that  for  a  given  depth  of  beam  the  modulus 
increases  as  the  span  length  is  increased.  In  other 
words  the  modulus  of  elasticity  decreases  as  the  ratio  of 
depth  of  beam  to  span  length  increases. 

3.  That  the  modulus  of  rupture  and  the  modulus  of 
elasticity,  calculated  by  the  usual  formulas,  are  satis- 
factory measures  of  the  strength  and  stiffness  of  bitu- 
minous mixtures  when  due  consideration  is  given  to  the 
effect  on  the  modulus  of  elasticity  of  the  ratio  of  span 
length  to  depth  of  beam. 

4.  That  increasing  the  density  of  specimens  by 
increased  compaction  increases  their  strength  and 
stiffness.  (Continued  on  p.  81) 


EFFECT  OF  CONSISTENCY  AND  TYPE  OF  AS- 
PHALT ON  THE  HUBBARD -FIELD  STA- 
BILITY OF  SHEET  ASPHALT  MIXTURES 

BY  THE  DIVISION  OF  TESTS,  PUBLIC  ROADS  ADMINISTRATION 

Reported  by  W.  O'B.  HILLMAN,  Assistant  Highway  Engineer 


BECAUSE  the  consistency  of  the  contained  asphalt 
affects  the  resistance  of  bituminous  mixtures  to  dis- 
placement under  traffic,  it  has  been  customary  to 
vary  somewhat  the  grade  of  asphalt  depending  on  the 
climatic  and  traffic  conditions.  In  general,  the  grades 
used  in  the  Northern  States  are  softer  than  those  used 
in  the  Southern  States  for  the  same  type  of  construc- 
tion. In  the  same  locality  harder  grades  are  used  on  the 
streets  carrying  the  heavier  traffic. 

Recently,  because  of  the  great  amount  of  cracking 
occurring  in  pavements,  there  has  been  a  general  trend 
towards  the  use  of  softer  asphalts  in  sheet  asphalt  and 
asphaltic  concrete  construction.  The  effect  of  these 
softer  grades  of  asphalt  on  the  stability  is,  therefore,  a 
matter  of  present  interest.  The  work  here  described 
gives  the  results  of  Hubbard-Field  stability  tests  '  on  a 
typical  sheet  asphalt  aggregate  mixed  with  various 
grades  and  types  of  asphalt. 

The  mixture  was  similar  hi  composition  to  that 
currently  used  in  the  District  of  Columbia.  It  con- 
tained 78  percent  Potomac  River  sand,  11  percent 
limestone  dust,  and  11  percent  asphalt.  The  first 
series  of  tests  were  made  with  10  different  grades  of 
Mexican  asphalt  ranging  in  penetration  from  23  to  182. 
These  asphalts  were  all  made  by  the  same  producer 
using  the  same  process  of  manufacture. 

The  penetrations  of  these  asphalts  were  determined 
at  a  number  of  temperatures.  The  relations  between 
penetration  values  and  test  temperatures  are  shown  in 
figure  1. 

As  has  already  been  shown  2  the  slope  of  the  log  pene- 
tration-temperature curve  is  a  measure  of  the  temper- 
ature susceptibility  of  the  asphalt.  The  greater  the 
slope  the  more  susceptible  is  the  asphalt.  The  slope 
can  be  calculated  as  follows: 


Slope  =  M= 


log  p2  —  log  pi 


where  p2  and  pi  are  penetrations  at  temperatures  t2 
and  tu  respectively.  For  these  Mexican  asphalts  the 
slope  had  a  constant  value  of  approximately  0.022. 

By  extending  the  curves  upward,  as  represented  by 
the  dotted  lines  in  figure  1,  the  penetration  of  the 
asphalts  at  any  temperature  may  be  estimated.  Plot- 
ted on  this  dotted  portion  are  the  softening  points  of 
the  asphalts.  The  penetration  at  the  softening  point 
averaged  about  850  for  these  asphalts. 

In  order  to  minimize  alteration  of  the  asphalt  during 
preparation  of  the  specimens,  the  following  method  of 

1  A  Practical  Method  for  Determining  the  Relative  Stability  of  Fine-Aggregate 
Asphalt  Paving  Mixtures,  by  Prevost  Hubbard  and  F.  C.  Field.  Proceedings, 
American  Soeiety  for  Testing  Materials,  vol.  25,  pt.  II,  p.  335  (1925). 

A  Study  of  Certain  Factors  Affecting  the  Stability  of  Asphalt  Paving  Mixtures,  by 
Prevost  Hubbard  and  F.  C.  Field.  Proceedings,  American  Society  for  Testing 
Materials,  vol.  26,  pt.  II,  p.  577  (1926). 

2  The  Physical  and  Chemical  Properties  of  Petroleum  Asphalts  of  the  50-60  and 
85-100  Penetration  Grades.  R.  H.  Lewis  and  J.  Y.  Welborn.  PUBLIC  ROADS, 
vol.  21,  No.  1,  March  1940. 


fabrication,  which  previous  work  had  shown  to  cause 
very  little  hardening  of  the  asphalt,  was  followed. 
Sufficient  sand  and  filler  to  make  three  specimens  were 
combined  at  room  temperature.  The  cold  asphalt  was 
added  and  the  pan  containing  the  combined  materials 
placed  on  a  hot  plate.  Mixing  was  accomplished  by 
continuous  stirring  at  the  lowest  possible  temperature. 
The  temperature  of  the  finished  mixtures  ranged  from 
about  220°  F.  for  the  180-penetration  asphalt  to  about 
280°  F.  for  the  23-penetration  asphalt. 

STABILITIES  OF  MEXICAN  ASPHALTS  DEPENDED  UPON  THEIR  CON- 
SISTENCIES 

Two  forming  molds  and  two  compression  machines 
were  used,  and  after  mixing  was  completed  two  speci- 
mens were  immediately  compressed  using  a  load  of  3,000 
pounds  per  square  inch  maintained  for  2  minutes.  As 
soon  as  the  first  two  specimens  had  been  compacted  the 
mixture  for  the  third  specimen,  which  had  been  kept 
hot,  was  placed  in  the  mold  and  compacted.  Thus 
only  about  4  minutes  elapsed  between  the  completion 
of  mixing  and  the  completion  of  molding.  There  was 
found  to  be  no  difference  in  the  density  or  the  stability 
of  the  three  specimens  comprising  a  set. 

The  specimens  were  tested  for  Hubbard-Field  stabil- 
ity at  122°  and  140°  F.  The  results  are  given  in  table  1, 
together  with  the  softening  point  and  penetration  of 
the  asphalt  and  the  estimated  penetration  of  the 
asphalt  at  140°  and  122°  F.  When  the  logarithm  of 
the  stability  is  plotted  against  the  logarithm  of  the 
penetration  at  77°  F.  of  the  contained  asphalt,  as  in 
figure  2,  all  points  fall  approximately  on  two  parallel 
straight  lines,  one  for  a  test  temperature  of  140°  F.  and 
the  other  for  a  test  temperature  of  122°  F. 

For  these  Mexican  asphalts  doubling  the  penetration 
of  the  asphalt  reduced  the  Hubbard-Field  stability  of 
the  sheet  asphalt  mixture  by  about  25  percent. 

When  the  logarithm  of  the  stabihty  at  either  122° 
or  140°  F.  is  plotted  against  the  logarithm  of  the  pene- 
tration of  the  asphalt  at  the  same  test  temperature,  as 
in  figure  3,  all  points  fall  approximately  on  the  same 
straight  line.  Thus  for  asphalts  from  the  same  source 
and  of  the  same  type,  the  stability  is  dependent  only 
upon  the  consistency  of  the  asphalt  at  the  test  tem- 
perature. 

With  materials  such  as  these,  all  of  which  are  equally 
susceptible  to  temperature  and  have  approximately 
the  same  consistency  at  their  softening  points,  the 
softening  point  is  a  measure  of  consistency. 

When  the  logarithm  of  the  stability  is  plotted  against 
the  softening  point  of  the  contained  asphalt  (fig.  4),  all 
points  fall  approximately  on  two  parallel  straight  lines, 
one  for  stability  at  140°  F.  and  the  other  for  stability 
at  122°  F. 

All  of  these  asphalts  had  approximately  the  same  con- 
sistency at  their  softening  points.     Because  they  were 

75 


76 


PUBLIC   ROADS 


Vol.  21,  No.  4 


6,000  r 

- y 

—/— 

4.000 

/ 

,000 

/         / 

'''''/ 

2,000 
.  1,000 

SOFTENING  PC 

^ 

^■'yY/  A 

/       /      ,* 

C ; 

S    800 
S    600 

^/- 

— •r/"~ 

'>'// 

/ 

• 

2     -~ 

' 

<     400 

M-60^  , 

'   •        - 

//  fj 

vv, 

/ 

o    300 
o 

U-70- 

Vx 

'      '/ 

t< 

*A 

y\ 

M20 

g    200 

< 

5    ioo 

M-IH 

•120a 

'^ 

Yr1 

■/A 

— r 

M  5 

MA-30 
1-40 

°-      80 
60 

/    / 

y* 

7& 

r      S  / 

/ 

'/  , 

'//, 

'//, 

/ 

' 

/T 

30 

20 
10 

// 

30         40  50  60  70  80  90  100         110         120         130         140       150 

temperature  -degrees  f 

Figure  1. — Relation  Between  Temperature  and  Penetra- 
tion for  the  Mexican  Asphalts  Used. 
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Figure  2. — Relation  Between  Hubbard-Field  Stability 
at  122°  F.  and  140°  F.  and  the  Penetration  at  77°  F., 
of  the  Contained  Mexican  Asphalt. 

equally  susceptible  to  changes  in  temperature  they 
would  have  approximately  the  same  penetration  at  tem- 
peratures that  are  above  or  below  their  respective  soften- 
ing points  by  equal  amounts.  When  the  penetration 
test  temperature  is  subtracted  from  the  softening  point, 
asphalts  having  the  same  difference  have  the  same  con- 
sistency, and  mixtures  made  from  them  have  approxi- 
mately the  same  stability,  as  shown  in  figure  5.  This 
figure  also  shows  that  for  these  Mexican  asphalts  and 
these  proportions,  increasing  the  temperature  of  the 
stability  test  by  10°  F.  decreases  the  stability  by  about 
20  percent. 

In  order  to  determine  whether  or  not  asphalts  from 
other  sources  behaved  in  the  same  manner,  a  second 
series  of  specimens  was  made  using  two  grades  of  petro- 
leum asphalt  from  each  of  five  different  producers.  The 
characteristics  of  these  asphalts  are  given  in  table  2. 
The  specimens  were  tested  for  stability  at  104°,  122°, 
and  f40°  F.,  the  results  being  given  in  table  3. 

In  figure  6  the  stabilities  of  these  mixtures  at  all  three 
temperatures  are  plotted  against  the  penetrations  of  the 
asphalts  at  77°  F.  Asphalts  from  each  producer  are 
plotted  separately. 
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Tabli:  I.— Hubbard-Field  viability  of  mixtures  containing  various 
grades  of  Mexican  asphalt 


Identification 

Softening 

point, 

ring  and 

ball 

Penetra- 
tion at 
77°  F. 

Estimated  penetra- 
tion at — 

Hubbard-Field 
stability  at— 

140°  F. 

122°  F. 

140°  F. 

122°  F. 

M-20 

"F. 
147 

139 

138 

131 

128 

126 

121 

121 

114 

109 

23 
38 
45 
56 
64 
74 
95 
111(1 
144 
182 

525 
880 
1,050 
1,260 
1,470 
1,680 
2,100 
2,300 
3,1.50 
4,200 

215 
300 
430 
515 
600 

Pounds 
(      2, 800 
{      2, 900 
I      3,600 

2,  500 
\       2,450 
[      2, 450 
(       2, 200 
\       2, 200 

2,200 

2, 050 
\       1,950 

1,950 
|       1,600 
\      1,900 

1,800 
[      1,850 
\      1,850 

1,850 
(      2, 200 
\       1,800 
I       1,850 

1,600 
\       1,580 
I      1,650 

1 ,  500 
i       1,550 
1      1,530 

1,250 
{      1,300 
I       1.250 

I'd ii  nils 
4,500 
4,550 

M-30 

M-40— 

4,  400 
3,  550 
3,  650 
3,400 
3,450 
3,350 

M-50     . 

3,300 
2,900 
3,100 

M-60 

3, 100 
3,050 
2,550 

M-70 

2,550 

M-85  .. 

800 

2,450 
2,  650 

M-100 

2,600 

M-120  -- 

1,290 
1 .  720 

1,800 
1,700 

M-180... 

1.900 
1,800 
1,850 

1,850 

SUSCEPTIBILITY  TO  TEMPERATURE  AND  BONDING  STRENGTH  OF 
ASPHALT  DETERMINE  STABILITY  OF  MIXTURE 

Figure  7  shows  the  relation  between  the  stability  at 
140°  F.  and  the  penetration  of  the  asphalt  at  77°  F. 
for  all  mixtures  including  those  made  with  the  Mexican 
asphalts.  In  every  case  the  softer  grades  of  asphalt 
gave  lower  stability  values  than  the  harder  grades  of 
asphalt  from  the  same  producer,  but  the  decrease  in 
stability  was  not  the  same  for  all  the  samples.  Stability 
values  from  figure  7  show  that  the  stability  of  speci- 
mens made  with  100-penetration  asphalts  varied  from 
69  to  91  percent  of  the  stability  of  specimens  made 
with  50-penetration  asphalt  from  the  same  producer. 
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Figure  4. — Relation  Between  Stability  at  122°  F.,  and 
140°  F.,  and  the  Softening  Point  of  the  Contained 
Mexican  Asphalt. 

Table  2.— Characteristics    of   the    asphalts    used    in    the    second 

scries  of  tests 


Identification 

Penetra- 
tion at 
77    F. 

Softening 
point 

Slope  of 
penetra- 
tion curve 

Penetra- 
tion at 
softening 
point 

A-50. 

A-85... 

61 
96 

58 
90 
57 
97 
60 
91 
50 
87 

°F. 
118 
111 
137 
121 
130 
115 
120 
112 
123 
113 

0.  031 
.031 
.1)17 
019 
.022 
.023 
.  029 
.028 
.024 
.026 

l,06o 

1.120 

B-50 

B-85._. 

630 
620 

C-50.   - 

750 

C-85-... 

D-50    . 

7211 
1,080 

D-85 

840 

E-50.    - 

630 

E-85.    . 

760 

They  also  show  that  the  stability  of  specimens  made 
with  50-penetration  asphalt  D  was  only  56  percent  of 
the  stability  of  specimens  made  with  50-penetration 
asphalt  M.  Thus  there  was  a  greater  percentage  differ- 
ence in  the  stability  of  specimens  made  with  50-pene- 
tration asphalt  from  different  producers  than  in  the 
stability  of  specimens  made  with  50-  and  100-penet ra- 
tion asphalts  from  the  same  producers. 

In  figure  8  the  logarithm  of  the  stability  of  the  second 
series  of  mixtures  is  plotted  against  the  logarithm  of 
the  penetration  of  the  50-  and  85-penetration  asphalts 
at  the  temperature  of  the  stability  test.  In  this  figure, 
as  in  figure  3  for  the  Mexican  asphalts,  the  points  for 
asphalts  from  the  same  producer  fall  approximately 
upon  the  same  straight  line. 

Table  4  gives  the  stabilities  of  mixtures  containing 
each  asphalt  at  the  temperature  at  which  the  asphalt 
bad  an  estimated  penetration  of  1,000.     Values  for  tbis 
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Table  3. — Hubbard-Field    stability    of    mixtures   containing    two 
grades  of  asphalt  front  various  producers 


Identification 

Pene- 
tration 
at  77-  F. 

Estimated  penetration  at— 

Hubbard-Field  stability  at— 

111)     K. 

122°  F. 

104°  F. 

140°  F. 

122°  F. 

104°  F. 

A-50 

A -85 

61 

96 
58 
90 

97 
0(1 
91 
50 
87 

5,  1100 
'.I.IIOII 

720 
1,400 
1,450 

2.  («() 
1.201) 
5,000 
1.000 

4,0(10 

1,400 
2,  450 

350 
650 
590 

1.050 

1.30(1 
1,0011 

600 

1,350 

390 
060 
170 
295 
230 
400 
380 
.-,0(1 
225 
440 

Pounds 
1  1,050 
\  1,250 
I  1, 250 
|  1,  100 
1  1,050 
I  1,  100 
I  1,700 
)  1.700 
1  1.700 
|      1,4110 

1.400 
|  1,300 
|  1.  (J  in 
I  1,600 
1  1,550 
I  1,100 
■      1. 250 

1,250 
|     1,250 

1.150 
1  1,20(1 
[  1, 050 
\  1,200 
I  1, 150 
[     1,450 

1,900 
1  1, 300 
[     1,100 

1. 100 
1      1.100 

Pounds 
1.950 
1.770 
2,  020 
1,750 
1,  580 

1,  500 
2,850 
2,850 
2,600 
2,500 
1,950 
2,050 
2,500 

2,  520 
.'..'.'ill 
1,900 
1,860 
1,900 
2,020 
2,150 
1.750 
1.750 
1,650 
1,550 
2,  470 
'.'.lion 
2,350 
1,840 
2.100 
1,800 

Pounds 
3, 150 
3,201) 
3,  300 
2.700 
2,650 

B-50 

2.800 
4,00(1 
5,000 

B-85 

4,  300 
3,  300 
3,100 

C-50 

3,500 
4,000 
3,  750 

C-85 

3,  900 
3,  250 
3,050 

D-50 

3,  200 
3,  500 
3,  250 

D-85..    . 

3,050 
2,  650 

2,  650 

E-50 

2,750 

4,  550 

1,000 

E-85 

4.5110 
3,200 
3,  150 

3,  150 

Table  4. — Stabilities  of  asphaltic  mixtures  tested  at  temperatures 
at  which  the  asphalt  would  have  a  penetration  of  1,000 


Identification 

Stability 

Identification 

Stability 

M 

Pound* 
2,300 

2.  250 
1.500 

C... 

Po  units 
1.900 

A 

D.      

2.  10(1 

B 

E.   .       --■   . 

2.0110 

table  are  taken  from  figures  3  and  8.  Siiice  all  the 
asphalts  bad  the  same  consistency,  the  differences  in 
stability  values  must  have  been  caused  by  some  in- 
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Figure  7. — Relation  Between  Stability  at  140°  F.  and  the 
Penetration  at  77°  F.  of  the  Contained  Asphalt. 

Keren t  quality  of  the  asphalt  which,  in  this  report,  is 
called  bonding  strength.  Thus  asphalt  B  may 'he 
assumed  to  have  the  least  bonding  strength,  while 
asphalts  M  and  A  had  the  greatest  bonding  strength. 

There  are  then  two  characteristics  of  an  asphalt 
which  determine  the  stability  at  any  temperature  of 
mixture  containing  it;  its  susceptibility  to  temperature, 
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Figure  8. — Relation  Between  Stability  and  the  Penetra- 
tion at  Test  Temperature  of  the  Various  Contained 
Asphalts- 

and  its  bonding  strength.     For  example,  table  4  shows 

asphalts  A  and  M  to  have  about  the  same  bonding 

(Continued  on  page  82) 


THE  DETERMINATION  OF  SODIUM  AND 
POTASSIUM  IN  CEMENTS 

BY  THE  DIVISION  OF  TESTS,  PUBLIC  ROADS  ADMINISTRATION 

Reported  by  L.  G.  CARMICK,  Associate  Chemist 


IN  ENDEAVORS  to  find  reasons  for  the  often  erratic 
behavior  of  portland  cements,  interest  has  turned 
recently  toward  minor  constituents  that  are  com- 
monly ignored  in  analysis.  There  is  particular  interest 
in  knowing  to  what  extent  sodium  and  potassium  com- 
pounds are  present.  These  elements  and  their  com- 
pounds, which  for  convenience  may  be  referred  to 
simply  as  alkalies,  seem  to  be  present  in  all  cements  to 
the  extent  of  at  least  0.3  or  0.4  percent,  and  cements 
made  in  some  parts  of  the  United  States  contain  appre- 
ciably over  1  percent.  What  effect  alkalies  have  on  the 
behavior  of  cements  is  still  uncertain,  but  there  is 
reason  for  believing  that  they  do  exert  an  influence. 
It  therefore  seems  likely  that  determination  of  alkalies 
will  be  a  more  frequent  task  in  the  future  than  it  has 
been  heretofore. 

The  method  that  has  always  been  relied  on  for  the 
determination  of  alkalies  is  that  proposed  many  years 
ago  by  J.  Lawrence  Smith.  This  method  was  intended 
primarily  for  use  in  the  analysis  of  igneous  rocks,  which 
are  very  difficult  to  bring  into  solution.  While  it  is 
capable  of  yielding  excellent  results  in  the  hands  of  a 
careful  analyst,  the  method  has  several  disadvantages 
that  may  easily  lead  to  error.  In  the  first  place,  it  is 
necessary  to  use  large  amounts  of  reagents,  particularly 
calcium  carbonate  which  is  often  impure.  Tliis  makes 
it  necessary  to  run  blanks  and  make  corrections.  Sec- 
ondly, in  the  long  heating  or  "fusion"  there  is  some  un- 
certainty that  all  the  alkali  has  been  rendered  soluble, 
and  if  the  temperature  has  been  too  high  some  of  the 
alkali  may  have  been  volatdized.  Thirdly,  there  are 
large  amounts  of  insoluble  matter  to  wash;  and  finally, 
the  method  is  tedious  and  requires  constant  attention. 

NEW  METHOD  GIVES  ACCURATE  RESULTS 

For  these  reasons  a  better  method  was  sought.  The 
following  procedure  was  found  to  be  quite  satisfactory 
and  largely  free  from  the  objections  just  noted.  It  has 
now  been  tried  out  by  several  analysts  and  found  to  give 
very  accurate  results. 

While  any  reasonable  quantity  of  cement  may  be 
used,  it  is  convenient'to  take  15.625  grams.  Put  tliis  in 
a  beaker  or  evaporating  dish  and  add  enough  water  to 
make  a  thin  grout,  then  add  enough  hydrochloric  acid 
to  decompose  the  cement  completely.  Evaporate  to 
dryness  on  the  hot  plate  but  do  not  bake.  Add  about 
300  milliliters  of  water  and  digest  on  the  hot  plate  for 
half  an  hour,  then  heat  to  boiling.  Most  of  the  silica 
and  R203  group  will  now  be  precipitated  and  in  suspen- 
sion. Add  2  or  3  drops  of  phenolphthalein  indicator 
and  then,  a  little  at  a  time,  some  pure  quicklime  until 
the  solution  is  strongly  alkaline  as  shown  by  the  pink 
color.  Quicklime  is  an  excellent  precipitant  for  mag- 
nesia as  well  as  for  silica  and  the  R203  group,  and  also 
the  precipitate  caused  by  lime  is  less  voluminous  than 
that  caused  by  ammonia.  The  freshly  ignited  lime 
obtained  in  the  ordinary  analysis  of  cement  does  very 
well  and  about  1  gram  is  usually  enough. 


Boil  gently  for  a  few  minutes,  allow  to  cool  somewhat, 
and  transfer  to  a  500-milliliter  volumetric  flask.  Add 
water  to  bring  the  volume  to  500  milliliters,  mix  well, 
and  allow  the  precipitate  to  settle.  Decant  through  a 
filter  just  400  milliliters  of  the  supernatant  liquid. 
Tliis  400  milliliters  should  contain  only  lime  and  the 
alkalies  from  12.5  grams  of  cement.  After  obtaining 
the  400  milliliters  of  filtrate,  the  residue  and  precipitate 
in  the  flask  are  discarded  without  further  treatment. 

To  the  filtrate  add  a  solution  of  ammonium  car- 
bonate and  ammonium  hydroxide  in  sufficient  amount 
to  precipitate  all  the  lime,  avoiding  unnecessary 
excess.  Boil  gently,  allow  to  cool  somewhat,  transfer 
to  a  500  milliliter  volumetric  flask,  add  water  to  bring 
the  volume  to  500  milliliter,  mix  well,  and  allow  the 
lime  to  settle.  Decant  through  a  filter  just  400  milli- 
liter of  the  supernatant  liquid,  discard  the  residue,  and 
precipitate  in  the  flask.  The  filtrate  thus  obtained 
should  contain  only  the  alkalies  from  just  10  grains  of 
cement  together  with  ammonium  salts  and  perhaps  a 
very  little  lime.  Add  to  this  filtrate  about  1  milli- 
liter of  concentrated  sulphuric  acid,  evaporate  in  a 
platinum  dish,  and  volatilize  the  ammonium  salts. 
Dissolve  the  residue  in  30  or  40  milliliters  of  water  and 
add  a  little  quicklime  in  order  to  throw  down  any 
magnesia  that  may  possibly  have  escaped  the  first 
precipitation.  Filter  into  a  small  beaker,  add  ammonia 
water  and  ammonium  oxalate,  warm  to  precipitate  the 
last  of  the  lime,  and  filter  into  a  platinum  dish.  Add 
a  drop  or  two  of  sulphuric  acid,  evaporate  to  dryness, 
and  volatilize  the  ammonium  salts.  Heat  to  dull  red- 
ness for  a  moment,  cool,  and  weigh  the  sodium  and 
potassium  sulphates. 

Recently  the  following  modification  has  been  tried 
anil  found  to  add  to  the  convenience  of  the  method  in 
that  it  does  away  with  the  necessity  of  drying  and 
volatilizing  large  amounts  of  ammonium  salts. 

Instead  of  precipitating  the  lime  with  ammonium 
carbonate,  place  the  400  milliliters  of  filtrate  from  the 
silica  and  R203  group  in  a  500-milliliter  volumetric 
flask  and  add  slightly  more  oxalic  acid  in  hot  concen- 
trated solution  than  can  combine  with  the  lime  that  is 
present.  The  amount  of  oxalic  acid  is  determined  by 
multiplying  the  number  of  grams  of  CaO  by  2.25  and 
adding  1  gram  more.  Add  enough  water  to  make  up 
500  milliliters  of  solution,  mix  well,  and  allow  the  pre- 
cipitate to  settle.  Although  hydrochloric  acid  is 
present,  nearly  all  of  the  lime  will  be  precipitated. 
Decant  through  a  filter  400  milliliters  of  the  liquid, 
discard  the  residue,  and  precipitate  in  the  flask.  Evapo- 
rate the  filtrate  in  platinum  on  the  steam  bath  to 
practical  dryness.  Add  at  least  50  milliliters  of  water, 
digest  well  on  the  steam  bath,  make  ammoniacal,  anil 
filter  into  a  small  beaker.  Test  the  filtrate  with  am- 
monium oxalate  to  insure  the  absence  of  lime.  Add  a 
few  drops  of  concentrated  sulphuric  acid,  evaporate  to 
dryness  on  the  steam  bath  in  platinum,  and  volatilize 
the  ammonium  salts,  which  in  this  case  will  be  only  a. 
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small  amount.  The  residue  in  the  dish  should  be  the 
pure  alkali  sulphates;  this  may  be  verified  by  testing 
for  the  presence  of  traces  of  magnesium  and  calcium 
compounds. 

From  this  point,  the  sodium  and  potassium  may  be 
separated  in  the  usual  manner  by  platinic  chloride  if 
it  is  desired  to  do  so.  If  it  be  assumed  that  sodium 
and  potassium  are  present  in  equal  quantities,  the 
amount  of  Na20  plus  K20  is  found  by  multiplying  the 
weight  of  the  mixed  sulphates  by  0.4884. 

The  amount  of  cement  used  for  analysis  is  of  course 
optional  with  the  analyst.  If  7.8125  grains  are  taken 
instead  of  double  that  amount  as  suggested  herein  the 


result  wi]l  be  the  alkalies  from  5  grams  instead  of  10. 
In  such  case  it  is  quite  feasible  to  use  250-milliliter 
volumetric  flasks  instead  of  the  500  size,  and  there  is 
less  liquid  to  evaporate. 

The  large  precipitates  that  are  discarded  may  seem 
at  first  thought  to  be  a  source  of  error,  but  it  can  be 
shown  that  their  actual  volume  is  such  that  the  error 
caused  thereby  is  negligible.  It  will  be  observed  that 
a  minimum  of  reagents  is  used  in  this  method  and  those 
that  are  used  are  readily  obtainable  in  very  pure  form. 
It  will  of  course  be  understood  that  whenever  water  is 
referred  to,  distilled  water  of  the  highest  purity  is 
meant. 
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however,  contained  hydrated  lime,  which  has  the  prop- 
erty of  increasing  the  liquid  limits  and  reducing  the 
plasticity  indexes  when  added  to  many  soils. 

Previous  investigations  have  shown  that,  with  the 
ground-water  elevation  l/2  inch  above  the  top  of  the  sub- 
base,  concentrated  traffic  provides  a  condition  that  is 
sufficiently  severe  to  enable  identification  of  the  defi- 
tlitely  unsatisfactory  materials.  Using  this  as  a  cri- 
terion, tht1  mixtures  tested  would  be  rated  as  shown  in 
table  6. 

Table  (i.  //tiling  of  sections  after  testing  under  concentrated 
traffic,  with  water  elevation  %  inch  above  the  top  of  the  sub-bnxt 


Section  No. 

Composition 

Admixture 

of  hydrated 

lime 

Service  rating 

1        .       

Chert  A-sand 

Percent 
11 
5 
I) 

n 

5 

5 

2 

Chert  A-sand... 

Good. 

3              

4 

Chert  A-slag 

Chert  B. 

Borderline. 
Complete  failure. 

5 

Chert  It 

6 

Chert  C 

Good 

The  addition  of  hydrated  lime  to  the  sand-chert  A 
mixture  and  to  chert  B  resulted  in  improved  perform- 
ance of  the  materials  when  used  as  base  courses.  The 
results  obtained  in  the  track  with  a  combination  of 
basic  granulated  slag  and  chert  A  were  superior  to  those 
with  a  combination  of  sand  and  chert  A. 

Section  1  became  unstable  with  the  water  }i  inch 
above  the  top  of  the  sub-base  and  had  failed  com- 
pletely at  124,400  wheel-trips.  Section  2,  which  dif- 
fered from  section  1  only  by  the  addition  of  5  percent 
of  hydrated  lime,  gave  excellent  service  as  a  base 
course  throughout  all  phases  of  the  testing.  Section  3 
withstood  the  40,000  wheel-trips  of  concentrated  traffic 
with  water  at  the  '2-inch  level  without  excessive  move- 
ment in  the  base.  However,  with  continued  traffic 
and  increased  elevation  of  the  ground  water,  the  ver- 
tical displacements  continued  to  increase  at  a  fairly 
uniform  rate  (see  fig.  1)  until  at  the  end  of  the  test  the 
section  was  in  an  unsatisfactory  condition,  as  shown  in 
figure  4. 

The  grading  and  plasticity  index  of  the  mixture  used 
in  section  1  are  indicated  to  be  responsible  for  the  failure 
of  this  section  when  tested  as  a  base  course.  Section  2 
was  composed  of  the  same  materials  with  an  admix- 
ture of  hydrated  lime.  Its  grading  was  only  slightly 
better  than  that  of  section  1  and  could  not  be  respon- 
sible for  the  marked  difference  in  behavior,  but  it  was 
nonplastic  with  a  plasticity  index  of  0.  Similarly,  the 
grading  of  the  section  3  material  was  not  widely  differ- 
ent from  that  of  section  1  but  it  had  a  plasticity  index 
intermediate  between  those  of  sections  1  and  2.  Jts 
behavior  under  traffic  wTas  much  superior  to  that  of 
section  1,  although  not  as  good  as  that  of  section  2. 

The  tests  (see  table  5)  made  at  the  time  of  failure  or 
the  end  of  testing  show  that  section  2  had  64.7  percent 
of  solids  by  volume,  or  considerably  less  than  either 
of  the.  other  two  sections  in  which  chert  A  was  used. 
Therefore,  the  differences  in  behavior  of  the  sections 
cannot  be  ascribed  to  differences  in  compaction,  since 
previous  investigations  have  led  to  the  conclusion 
that,  for  a  given  material,  increase  in  density  would 
produce  increase  in  stability. 

Section  4,  chert  B,  failed  immediately  when  subjected 
to  concentrated  traffic  with  water  in  the  sub-base. 
Section  5  (chert  B  with  an  admixture  of  hydrated  lime) 
became  slightly  unstable  under  these  testing  conditions 
but  did  not  fail  completely  until  water  was  raised  to  the 
4^-inch  level  and  wheel  loads  were  increased  from  800 
to  1,000  pounds.  The  gradings  of  the  section  4  and 
section  5  materials  were  similar  and  the  plasticity 
indexes  were  2  and  0,  respectively.  Again  the  track 
density  in  the  lime-treated  section  was  less  than  that 
of  the  untreated  section. 
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Section  6  consisted  of  a  mixture  of  chert  gravels  with 
a  5  percent  hydrated  lime  admixture.  The  grading  of 
this  mixture  conformed  with  the  A.  A.  S.  H.  O.  specifica- 
tions for  base-course  materials,  yet  each  of  the  cherts 
came  from  a  location  on  a  highway  where  base  failure 
had  occurred.  However,  with  the  lime  admixture  this 
composite  material  gave  good  service  in  the  track,  except 
that  near  the  end  of  the  test  a  small,  soft  spot  developed 
(see  fig.  4).  This  resulted  in  the  abrupt  change  in  slope 
of  the  displacement  curves  shown  in  figure  1.  It  should 
be  emphasized  that  this  softening  was  confined  to  one 
spot  and  did  not  represent  the  entire  section.  The 
condition  developed  only  under  the  most  extreme  testing 
conditions  and  is  thought  to  have  been  caused  by  some 
construction  feature,  since  samples  from  the  rutted  and 
intact  portions  of  the  section  had  almost  identical 
compositions  and  densities. 

CONCLUSIONS 

The  following  conclusions  appear  to  be  justified: 

1.  Although  only  three  chert  gravels  were  investi- 
gated, there  are  strong  indications  that  the  behavior  as 
base  courses  of  this  class  of  local  materials  can  be  greatly 
improved  by  the  addition  of  a  basic  material  such  as 
hydrated  lime  or  granulated  slag.  Other  possible  ad- 
mixtures include  limestone  or  slag  screenings,  lime 
wastes,  and  similar  materials  of  a  basic  character  which 
may  be  economically  available. 

2.  It  is  indicated  that  the  beneficial  action  of  the 
basic  admixture  will  be  greater  if  the  material  is  in  a 
finely  divided  state,  except  where  it  is  intended  to  per- 
form the  dual  purpose  of  improving  the  grading  and 
altering  the  physical  characteristics  of  the  material. 

3.  The  addition  of  5  percent  of  hydrated  lime  to  a 
composite  chert  (sec.  6),  conforming  to  the  grading 
requirements  of  the  A.  A.  S.  H.  O.  specifications  for 
base-course  materials  produced  a  mixture  which  gave 
good  service  when  tested  in  the  circular  track  even 


(  Continued  from  page  74) 

5.  That  decreasing  the  temperature  of  a  mixture 
increases  its  strength  and  stiffness.  It  is  probable, 
however,  that  there  is  some  limiting  temperature  below 
which  the  strength  and  stiffness  of  a  mixture  would  not 
be  increased. 

6.  That  increasing  the  amount  of  asphalt  in  a  mix- 
ture up  to  the  amount  required  to  fill  the  voids  increases 
its  strength  but  has  little  effect  upon  the  stiffness  of 
the  mixture.  Increasing  the  amount  of  dust  in  a 
mixture  up  to  the  amount  required  to  fill  the  voids 
increases  both  the  strength  and  stiffness  of  the  mixture. 

As  a  result  of  these  tests  the  following  suggestions 
are  made  regarding  a  suitable  test  procedure: 

1.  A  test  temperature  of  39°  F.  appears  to  have 
definite  advantages.  This  temperature  may  be  ob- 
tained and  held  constant  with  a  bath  containing  very 
little  ice.  Temperatures  below  this  are  hard  to  main- 
tain and  require  a  large  amount  of  ice  which  interferes 
with  the  correct  placing  of  the  specimen.  At  higher 
temperatures  the  strength  and  stiffness  decrease  and  it 
would  be  difficult  to  distinguish  between  mixtures. 

2.  Preferably,  the  span  length  should  be  10  inches  for 
all  depths  of  beam  up  to  a  maximum  of  2  inches,  since 
table  2  shows  that  with  this  span  length  there  is  the 


though  all  of  the  cherts  which  were  combined  had 
come  from  locations  where  base-course  failures  had  been 
observed. 

4.  The  addition  of  5  percent  of  hydrated  lime  to  the 
chert  B  which  did  not  meet  these  grading  requirements 
resulted  in  a  marked  improvement  in  the  behavior  of 
this  material  under  test  traffic.   (Compare  sees.  4  and  5.) 

5.  Lime  also  greatly  improved  the  performance  of  the 
chert  A  to  which  sand  had  been  added  to  reduce  the 
plasticity  index  to  approximately  the  upper  limit  of  the 
A.A.S.  H.  O.  specification.     (Compare  sections  1  and  2.) 

6.  Basic  granulated  slag  added  to  chert  A  in  an 
amount  sufficient  to  lower  the  plasticity  index  to  5 
resulted  in  a  mixture  that  was  more  stable  when  tested 
in  the  circular  track  than  the  mixture  of  sand  and 
chert  A  without  hydrated  lime.  (Compare  sections  1 
and  3.) 

7.  Density  as  such  is  not  a  true  measure  of  the  stabil- 
ity of  granular  mixtures.  For  any  one  given  material 
an  increase  in  density  is  accompanied  by  an  increase  in 
stability,  but  for  materials  having  different  composi- 
tions, the  one  having  the  greatest  density  may  or  may 
not  be  the  most  stable.  Thus  in  the  present  investiga- 
tion, in  all  cases  where  a  direct  comparison  is  possible, 
the  mixtures  containing  lime  had  lower  densities  than 
the  corresponding  sections  without  lime;  yet  their 
behavior  in  the  track  showed  the  sections  with  lime  to 
be  the  more  stable. 

8.  No  specifications  for  chemically  treated  chert- 
gravel  base-course  materials  can  be  prepared  from  the 
information  so  far  developed.  It  is  suggested,  how- 
ever, that  this  class  of  material  be  used  only  if  the 
grading  conforms  to  or  closely  approaches  the 
A.  A.  S.  H.  O.  specification  for  base-course  materials, 
and  if  the  admixture  reduces  the  plasticity  index  of  the 
fraction  passing  the  No.  40  sieve  to  3  or  less.  It  is 
believed  that  if  these  conditions  are  met  the  liquid 
limit  of  acceptable  mixtures  containing  basic  ingredients 
may  be  as  high  as  35. 


least  variation  in  modulus  of  elasticity  with  changes  in 
depth  of  beam.  When  it  is  necessary  to  vary  both  the 
span  length  and  depth  of  beam,  the  following  dimen- 
sions are  suggested  as  likely  to  result  in  the  least  varia- 
tion in  the  modulus  of  elasticity: 

Dentil-  Minimum  span  (inches) 

Less  than  1.3  inches 6 

1.3  to  1.7  inches 8 

Over  1.7  inches 10 

3.  The  rate  at  which  unit  fiber  stress  is  developed 
should  be  constant  and  this  may  be  accomplished  by 
applying  the  load  at  the  rate  determined  by  the  formula 

in  which 

R  =  rate  of  loading  in  pounds  per  minute; 
(7=  constant;  and 
I,  b,  and  d  are  the  same  as  in  the  previous  formulas  in 
this  report.  Two  hundred  and  twenty  is  suggested  as  a 
suitable  value  for  C.  The  rate  of  loading  determined 
with  C=220  will  allow  a  wide  range  in  the  size  of  the 
specimen  that  can  be  tested  on  the  machine  that  has 
been  described  and  the  load  will  be  applied  at  a  slow 
enough  rate  so  that  deflection  measurements  every  10 
seconds  will  give  a  good  load-deformation  curve. 
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strength,  but  asphalt  A  was  much  more  susceptible  to 
temperature  and  specimens  made  with  both  grades  of 
asphalt  A  had  lower  stability  at  140°  F.  than  specimens 
made  with  the  corresponding  grades  of  asphalt  M. 

Asphalts  M  and  C  had  about  the  same  susceptibility 
to  temperature.  Table  4  shows  asphalt  C  to  have  had 
less  bonding  strength  than  asphalt  M,  and  specimens 
made  with  both  grades  of  asphalt  C  had  less  stability  at 
140°  F.  than  specimens  made  with  the  corresponding 
grades  of  asphalt  M  (tables  1  and  3). 

A  stability  test  using  a  standard  aggregate  made  at  a 
temperature  at  which  the  contained  asphalt  had  a  defi- 
nite penetration  might  prove  to  be  of  value  in  testing 
the  bonding  strength  of  asphalts  for  use  in  road 
construction. 

Because  the  stability  of  mixtures  containing  asphalts 
of  the  same  type,  that  is,  having  the  same  susceptibility 
to  temperature  and  the  same  bonding  strength,  de- 
pends only  upon  the  consistency  of  the  asphalt  at  the 
temperature  of  the  stability  test,  it  is  not  necessary  to 
make  tests  with  all  grades  of  asphalt  in  order  to  deter- 
mine the  effect  of  using  different  grades  of  asphalt  upon 
stability.  By  determining  the  stability  at  several 
temperatures  of  a  mixture  containing  one  grade  of 
asphalt  whose  penetration  has  been  determined  at  sev- 
eral temperatures,  temperature-penetration  and  pene- 
tration-stability curves  can  be  drawn.  For  similar 
types  of  asphalt  the  penetration  at  any  temperature  of 
any  grade  of  asphalt  can  be  approximated  from  the 


temperature-penetration  curve  for  one  grade  of  asphalt. 
The  stability  of  the  mixture  can  then  be  estimated  from 
the  penetration-stability  curve. 


SUMMARY 

In  these  tests  on  mixtures  of  constant  composition 
except  for  the  type  and  consistency  of  the  asphalt  it 
was  found  that: 

1.  There  were  greater  differences  in  the  stability  of 
mixtures  made  with  the  same  grade  of  asphalts  from 
different  producers  than  there  were  in  the  stability  of 
mixtures  made  with  the  50-  and  100-penetration  grades 
of  asphalt  from  the  same  producer.  There  was  as 
much  as  45  percent  variation  in  the  stability  at  140°  F. 
of  the  mixtures  containing  the  various  50-penetration 
asphalts.  For  materials  from  the  same  producer, 
doubling  the  penetration  of  the  asphalt  reduced  the 
stability  of  the  mixture  by  from  10  to  30  percent. 

2.  There  is  some  characteristic  of  an  asphalt  which 
caused  mixtures  made  with  various  types  of  asphalt 
to  vary  in  stability  even  when  the  asphalts  were  of  the 
same  consistency  when  the  mixtures  were  tested  for 
stability.  This  quality,  for  lack  of  a  better  term,  is 
here  called  bonding  strength. 

3.  For  asphalts  of  the  same  type,  that  is,  having 
approximately  the  same  susceptibility  to  temperature 
and  the  same  consistency  at  their  softening  point,  the 
stability  of  the  mixtures  depended  upon  the  consistency 
of  the  asphalt  at  the  temperature  of  the  stability  test. 
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MOTOR- FUEL 

CONSUMPTION -1939 

TABLE    G-2.    1939 
ISSUED  MAY   19U0 

COMPILEO    FOR   CALENDAR   YEAR   FROM 

REPORTS  OF    STATE  AUTHORITIES  1/ 

TAX 

AMOUNT 

AMOUNT 

NET    AMOUNT   TAXED 

AMOUNT 

TAXED 

AT 

PREVAILING 

RATE 

INCREASE   OR 

DECREASE 

STATE 

PER 

GALLON 

ON 

GROSS 

AMOUNT 

REPORTED 

2/ 

FROM 

PAYMENT 

OF 

AMOUNT 

ASSESSEO 

FOR 

TO 

REFUND 
OF 

TOTAL 

AT 

PREVAILING 
RATE 

AT   OTHER  RATES 

DURING 

1939 

STATE 

RATE 
PER 

AMOUNT 

AMOUNT 

PERCENT 

DECEMBER 

TAX 

TAXATION 

ENT  1  RE 

DURING 

31 

V 

TAX 

1938 

1,000 

1.000 

1,000 

1,000 

1  .000 

1,000 

1.000 

1.000 

1.000 

CcNTJ 

GALLONS 

GALLONS 

GALLONS 

GALLONS 

GALLONS 

GALLONS 

Ccnis 

GALLONS 

O.LLONS 

GALLONS 

ALABAMA 

6 

241.375 

. 

241.375 

_ 

241.375 

241,375 

. 

. 

226.838 

14.537 

6.4 

ALABAMA 

ARIZONA 

5 

107,475 

5.167 

102.308 

12.369 

89.939 

89,939 

- 

- 

84,534 

5.405 

6.4 

ARIZONA 

ARKANSAS 

6.5 

151.922 

7.312 

174.610 

- 

174.610 

155.709 

(4/) 

18,901 

143.479 

12,230 

8.5 

ARKANSAS 

CALIFORNIA 

3 

1.852.859 

27.148 

1.825.711 

151.931 

1.673.780 

1,673.780 

- 

- 

1.571,926 

1 01  .  852 

6.5 

CALIFORNIA 

COLORAOO 

It 

237.669 

8.508 

229, 1 61 

J3.014 

196,147 

196.147 

- 

- 

,„7.uUU 

8.203 

4.4 

COLORAOO 

CONNECTICUT 

3 

35L315 

8.UU7 

342.868 

7.722 

335.146 

335.146 

- 

- 

312.710 

22.436 

7.2 

CONNECTICUT 

DELAWARE 

4 

59.316 

1.269 

58.047 

3.637 

54,4io 

54,410 

- 

- 

52.490 

1.920 

3.7 

OELAWARE 

FLORIDA 

7 

363.710 

13.621 

350.089 

- 

350.089 

350.089 

- 

- 

32(  .838 

23.251 

7.1 

FLORIDA 

GEORGIA 

6 

J62.U03 

9.541 

352.862 

. 

352.862 

352.862 

_ 

- 

328.9  1 

23.941 

7.3 

GEORGIA 

IOAHO 

5/5.1 

100,802 

3.635 

97.167 

- 

97.167 

6/  88.444 

<!/> 

8.723 

81 .888 

6.556 

8.0 

IDAHO 

ILLINOIS 

3 

1,448.697 

- 

1. 448. 697 

112.464 

1.336.233 

1.336.233 

- 

1,256.016 

80.217 

6.l» 

ILLINOIS 

INUIAHA 

it 

651  . 249 

2.016 

649.233 

50.499 

598.734 

59S. 734 

- 

- 

562.879 

35.855 

6.4 

INDIANA 

IO*A 

3 

550.333 
467.296 

- 

550.333 

81.231 

469.102 

469.102 

- 

- 

445.906 

23.196 

5.2 

IOWA 

KANSAS 

3 

132.719 

334,577 

- 

334.577 

334.577 

- 

- 

337.527 

-2,950 

-0.9 

KANSAS 

KENTUCKY 

5 

275.107 

- 

275.107 

- 

275.107 

275.107 

- 

- 

256.516 

18,591 

7.2 

KENTUCKY 

LOUISIANA 

7 

261 .  104 

6,228 

255,076 

5 

255.071 

?U7,l41'. 

2 

8/  7.652 

234,941 

12.478 

5.3 

LOUISIANA 

MAINE 

It 

150.136 

831 

149.305 

- 

1U9.  <>, 

1  41,850 

1 

2/  7,455 

137.406 

4.444 

3.2 

MAINE 

MARYLANO 

it 

291.666 

U.I  06 

287.560 

19.633 

267.927 

265.548 

3 

10/  2.379 

246.433 

19.115 

7.8 

MARYLANO 

MASSACHUSETTS 

3 

721.112 

2.829 

718.283 

34.550 

683.733 

683.733 

- 

- 

662.254 

21.479 

3.2 

MASSACHUSETTS 

MICHIGAN 

3 

1.146,327 

99.359 

1.046,968 

52.381 

994.587 

994.058 

1.5 

11/  529 

928.920 

65.13s 

7.0 

M 1 CH 1 GAN 

MINNESOTA 

It 

559. 186 

25,686 

533.500 

63,922 

469.578 

469.578 

- 

- 

447,444 

3?.  114 

4.9 

MINNESOTA 

MISSISSIPPI 

6 

205. 963 

9.032 

196.931 

- 

196.931 

188.426 

1 

12/   8,505 

171.044 

17.382 

10.2 

MISSISSIPPI 

M 1 SSOUR 1 

2 

653.611 

- 

653.611 

32.820 

620. 791 

620,791 

- 

581.086 

39.705 

6.8 

MISSOURI 

MONTANA 

5 

128.9SO 

8.U97 

120.483 

21.564 

98.919 

98.919 

- 

- 

89.450 

9.469 

10. b 

MONTANA 

NEBRASKA 

5 

242,  721 

10.515 

232. 206 

6 

232.200 

232.119 

1 

13/  81 

223,309 

8.810 

3.9 

NEBRASKA 

NEVADA 

M 

39.258 

2.494 

36.764 

2.370 

34.394 

33.618 

5 

147  776 

29.958 

3.660 

12.2 

NEVADA 

NEW  HAMPSHIRE 

it 

91.831 

- 

91.831 

3.383 

88,448 

88,448 

82.714 

5.734 

6.9 

NEW  HAMPSHIRE 

NEW  JERSEY 

3 

849.139 

3.055 

8U*.,08U 

72.738 

773.346 

773.346 

- 

- 

742.4J5 

30,911 

4.2 

NEW  JERSEY 

NEW  MEXICO 

5 

1 02. 06V 

6.3>t9 

95.715 

9.270 

86.445 

86.1?" 

7.5 

15/     71 

81.521 

4,853 

6.0 

NEW  MEXICO 

NEW  YORK 

U 

1.900.715 

69.381 

1.831.334 

63.046 

1.768.288 

1,768,288 

1.684,672 

83, 616 

5.0 

NEW  YORK 

NORTH   CAROLINA 

6 

430, 291 

7.597 

422.694 

- 

422,694 

410,340 

1 

12/  12,354 

385.834 

24, 506 

6.4 

NORTH    CAROLINA 

NORTH   DAKOTA 

16/  It 

130.238 

27.652 

1 02. 586 

19.892 

82.694 

12/  82,694 

- 

- 

85.775 

■3.081 

-3.6 

NORTH    DAKOTA 

OHIO    IK/ 

i 

1,371.266 

68,887 

1.302,379 

1 1 . 494 

1.290.885 

1.231.223 

1 

21  59.662 

1. 157. 015 

74.208 

6.4 

OHIO  18/ 

OKLAHOMA 

i 

421 . 496 

39.967 

381.529 

15.794 

365.735 

365.735 

- 

- 

350.190 

15.545 

4.4 

OKLAHOMA 

OREGON 

5 

245,746 

5.298 

240,448 

26.912 

213.536 

212,609 

1 

12/  927 

197.797 

14,812 

7.5 

OREGON 

PENNSYLVANIA 

It 

1  ,  482.  428 

6.351 

1 .476.077 

- 

1.476.077 

1.476.077 

- 

- 

1.397.068 

79.009 

5.7 

PENNSYLVANIA 

RHODE    ISLANO 

3 

129,878 

1.198 

128,680 

1.985 

126.695 

126.695 

- 

- 

116.874 

9,821 

8.4 

RHODE    ISLAND 

SOUTH  CAROLINA 

6 

210.980 

- 

21 0. 980 

4.027 

206.953 

206.953 

- 

- 

188.783 

18.170 

9.6 

SOUTH    CAROLINA 

SOUTH    DAKOTA 

l| 

1  36, 628 

4.934 

131,694 

29.722 

101.972 

101.972 

- 

- 

99.668 

2.304 

2.3 

SOUTH   DAKOTA 

TENNESSEE 

7 

288. 738 

17.025 

271.713 

1.491 

270,222 

270,222 

- 

- 

264.163 

6.059 

2.3 

TENNESSEE 

TEWS 

it 

1.337. 58  It 

16.626 

1  .120,-158 

18O.51 6 

1,1 40,442 

1  .1  40.442 

- 

- 

1.075.851 

64.591 
6.499 

6.0 

TEXAS 

UTAH 

t| 

99.746 

5.397 

94.349 

-' 

94,349 

94.349 

- 

- 

87.850 

7.4 

UTAH 

VERMONT 

It 

68,009 

872 

67.137 

- 

67.137 

67.137 

- 

- 

63.300 

3.837 

24.214 

6.1 

VERMONT 

VIRGINIA 

5 

382.173 

- 

182,173 

23.532 

358.641 

158.541 

3 

20/  100 

334.327 

7.2 

VIRGINIA 

WASHINGTON 

5 

3^.1  42 

8,090 

I4b,05.> 

25. 1 1 1 

320.941 

320,941 

- 

- 

309.697 

11 .244 

3.6 

WASHINGTON 

WEST   VIRGINIA 

5 

215.100 

- 

215.100 

3.026 

212.074 

212.074 

_ 

_ 

1 88 .  91  5 

23.159 

12.3 

WEST   VIRGINIA 

WISCONSIN 

it 

566.693 

17.101 

549.592 

41.81 6 

507.776 

507.776 

_ 

_ 

484,812 

22.964 

4.7 

WISCONSIN 

WYOMING 

u 

68.01  it 

2.341 

65.673 

- 

65.673 

65.673 

- 

- 

63.376 

2.297 

3.6 

WYOMING 

DISTRICT  OF  COLUMBIA 

2 

150.365 

6.523 

143,842 

1,066 

1 42. 776 

142.776 

- 

- 

133.325 

9.451 

7.1 

DISTRICT  OF    COLUMBIA 

TOTAL 

21/  3.96 

22,685.056 

703.604 

21  .  981  .  452 

1.214,939 

20. 766. 51 3 

20.638.398 

- 

128.115 

19.504,621 

1.133.777 

5.S 

TOTAL 

1/     AN  ANALYSIS 

)F  MOTOR-FU 

EL  USAGE  WILL   BE  GIVEN    IN   TABLE  G-21 ,    TO   BE  PUBL 1 

JHED 

l_0/     ONE  CENT  PER  GALLON  REFUNDED  ON  MOTOR  FUEL  USED    1 

N  VEHICLE 

i  LICENSED  TO  OPERATE 

LATER. 

EXCLUSIVELY    IN  CITIES 

2/     EXPORT    SALES 

AND  OTHER 

AMOUNTS  NOT    REPRESENTING   CONSUMPTION    IN    STATE  HAV 

11/      ONE  AND   ONE-HALF   CENTS  PER  GALLON   REFUNDED  ON  MOT 

3R   FUEL  U 

iED   IN    INTERSTATE 

been  Eliminated  as  fa 

i  AS  POSSIB 

_E.       IN   CASES  WHERE    STATES  FAILED  TO  REPORT  AMOUN 

s 

AVIATION. 

EXEMPTEO   FROM   TAXATIC 

t,    THE  GROS 

S  AMOUNT    TAXED    IS  SHOWN    IN    THIS   COLUMN 

12/      FIVE    CENTS  PER  GALLON    REFUNDEO  ON  NONHIGHWAY  USES 

3/      INCLUDES  ALL 
PUBLIC  USE,    AND  NONH 1 

3WANCES  FOR 

EVAPORATION  AND  OTHER  LOSSES.    FEDERAL  USE,    OTHER 

13/     AVIATION    FUEL  USEO    IN   FLYING    INSTRUCTION. 

HWAY  USE, 

(HERE    INITIAL   EXEMPTIONS  RATHER    THAN   REFUNDS  ARE 

WOE 

Tt/      DIESEL    FUEL    TAXED  AT    5   CENTS  PER   GALLON   EFFECTIVE 

JULY    1 . 

4/      WITHIN    300   F 

ZET  OF   BORD 

:r,    TAX    IS  REDUCED  TO   THAT  OF  ADJACENT    STATE.      GA 

.LONS 

15/      DIESEL    FUEL    TAXEO  AT    7.5   CENTS  PRIOR    TO  JULY    1. 

TAXED  AT 

REGULAR  RATE    THEREAFTER. 

TAXEO  AT   2  CENTS,    1(, 8 

37,000;   AT 

It  CENTS,    lU,09U,000. 

16/      RATE    CHANGED   FROM  3    CENTS   TO   It   CENTS  JULY    1. 

5/     RATE   CHANGED 

FROM  5  CEN 

TS  TO   5.1    CENTS  MARCH   11 . 

12/     GALLONS   TAXEO  AT   3  CENTS.    35,693.000;   AT   4  CENTS, 

47.001.01 

x>. 

6/     GALLONS   TAXE 

3  AT  5   CENT 

S,    3,003.000;   AT  5.1    CENTS,    85.1*1. 000. 

18/     AMOUNTS   GIVEN   00  NOT    INCLUDE  67,765,000  GALLONS  0 

F   LIQUID 

"UEL    (KEROSENE,    FUEL 

7/      AVIATION    FUE 
CENT    (NONHIGHWAY  USE 

.   TAXEO  AT 

2.5  CENTS,    180,000  GALLONS;   MOTOR  FUEL    TAXEO  AT  0 

1 

OIL,    ETC.)    TAXED  AT    1    CENT   PER   GALLON    BUT   NOT    SUBJECT    TO  T 

HE    3-CENT 

TAX  ON  MOTCR-VEHICLE 

JEFUNOEO  5 

:ents),   8.5U3.OOO  GALLONS. 

FUEL. 

8/     REPRESENTS  E 
ADDITIONAL   2-CENT   TAX 

/APORATION 

DR  LOSS  ALLOWANCE  UNDER   5-CENT    TAX  NOT   ALLOWEO  UN 

3ER 

12/     FOUR  CENTS  PER  GALLON   REFUNOEO  ON  MOTOR  FUEL   USED 

IN  AVIAT 

ON 

WHICH    IS 

»0M1NI STEREO  UNDER  A   SEPARATE  LAW 

20/      TWO   CENTS  PER   GALLON   REFUNDEO  ON  MOTOR  FUEL   USED 

IN    INTRAS 

fATE    AVIATION. 

2/      THREE    CENTS 

>ER   GALLON 

REFUNDED  ON  NONHIGHWAY  USES. 

217     WEIGHTED  AVERAGE   RATE. 
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STATE  MOTOR-FUEL  TAX  RECEIPTS- 

1939 

TABLE  0-1,    1939 

COMPILED  FOR  CALENDAR 

YEAR  FTtOM  REPORTS  OF  STATE  AUTHORITIES 

1  SSUED  MAY    1  oJio 

OTHER  RECEIPTS    IN  CONNECTION  WITH 

TAX 
RATE 

RECEIPTS  FROM   TAXATION  OF  MOTOR    Fua 

MOTOR-FUEL    TAX  2/ 

NET 
TOTAL 

LESS 

ADJUSTED 

OE  MIC- 

STATE 

PER 
GALLON 

GROSS 

TIONS  BY 
DISTRIB- 

GROSS 

NET 

DISTRIB- 
UTORS' 

INSPEC- 

FINES 

MISCEL- 

TAX ON 
AVIATION 

NET 

TOTAL 

STATE 

ON 
DECEMBER 

TAX 

COLLEC- 

UTORS 

FOR 

EXPENSES 

U 

RECEIPTS 
BY 

REFUNDS 
PA  10 

RECCIPTS 
BY 

ANO 
DEALERS' 

TION 
FEES 

AND 
PENAL- 

LANEOUS 
RECEIPTS 

TOTAL 

RECEIPTS 

GASOLINE 

RECEIPTS 

31 

TIONS 

STATE 

STATE 

LICENSES 

ll 

TIES 

it/ 

1,000 

1,000 

1,000 

1,000 

1,000 

1.000 

1.000 

1.000 

1,000 

1.000 

1.000 

1.000 

1.000 

CtNlS 

DOLLARS 

DOLLARS 

DOLLtns 

DOLLARS 

DOLLARS 

DOLLARS 

DOLLARS 

DOlLAftS 

DOLLARS 

DOLLARS 

DOLLARS 

DOLLARS 

DOLLARS 

ALABAMA 

6 

l  U.  Ill  5 

. 

111.  Itl  5 

. 

1 1.11 5 

. 

61 

. 

_ 

61 

11,176 

. 

11.176 

ALABAMA 

ARIZONA 

5 

5.189 

- 

5.189 

711 

1.115 

• 

- 

1 

- 

1 

1.1U6 

- 

1,116 

ARIZONA 

ARKANSAS 

6.5 

10.6U7 

- 

10.617 

- 

10.617 

- 

95 

• 

- 

95 

10.712 

- 

10.712 

ARKANSAS 

CALIFORNIA 

3 

5L353 

- 

51.353 

1,558 

19.795 

15' 

- 

- 

1 

16 

19.811 

- 

19.811 

CALIFORNIA 

COLORADO 

ll 

8.961 

- 

8.961 

1,210 

7.751 

- 

- 

- 

- 

- 

7.751 

- 

7.751 

COLORADO 

CONNECTICUT 

3 

10.193 

51 

10.1I2 

232 

9.910 

51 

- 

- 

- 

51 

9.961 

- 

9.96l 

CONNECTICUT 

DELAWARE 

U 

2.288 

- 

2.288 

115 

2.113 

3 

- 

- 

- 

3 

2.116 

- 

2,116 

OELAWARE 

FLORIDA 

7 

21.323 

- 

21.323 

21.323 

31 

UlO 

- 

- 

U4l* 

21.767 

- 

21. 767 

FLORIDA 

".El  ■* '.  i » 

6 

'1  .."..it 

210 

21  .'J'.") 

_ 

21.051 

.  3" 

- 

- 

_ 

3* 

21  .083 

- 

21.088 

GEORGIA 

IDAHO 

1/  5.1 

11.892 

- 

U.  892 

125 

1.167 

- 

- 

1 

1 

1.168 

1 

1,161 

IDAHO 

ILLINOIS 

3 

13.159 

863 

U2.296 

3.296 

19.000 

- 

399 

1 

- 

Uoo 

39.100 

- 

39.100 

ILLINOIS 

INDIANA 

1 

25.315 

- 

25.815 

2.020 

JJ.325 

• 

192 

- 

1 

U93 

21.318 

- 

21.318 

INDIANA 

IOWA 

3 

lb, 132 

- 

16. 132 

2.161 

13.971 

62 

- 

- 

- 

62 

11.033 

- 

1 1.033 

IOWA 

KANSAS 

3 

10.023 

- 

10.023 

- 

10,023 

15 

106 

- 

35 

156 

10.179 

- 

10,179 

KANSAS 

kENTuCKY 

5 

13.971 

lltO 

13.8311 

- 

13.831 

- 

2 

2 

13.336 

- 

13.836 

KENTUCKY 

LOUISIANA 

7 

17.581 

- 

17.381 

• 

17.381 

- 

82 

• 

- 

6/  82 

17.163 

- 

17.163 

LOUISIANA 

■'»  1  NE 

U 

5,  >1b 

- 

5.916 

221 

5.722 

- 

- 

• 

- 

• 

5.722 

1 

5.718 

MAINE 

MARYLAND 

U 

ii,W*7 

- 

11, 1*7 

809 

10.638 

- 

- 

- 

- 

10.638 

- 

10.638 

MARYLAND 

MASSACHUSETTS 

3 

21.5118 

- 

21.518 

1.036 

20.512 

_ 

- 

• 

- 

■ 

20.512 

- 

20.512 

MASSACHUSETTS 

MICHIGAN 

3 

31.U09 

- 

11  .1109 

1,579 

29.830 

5 

- 

7 

- 

12 

'9.312 

18 

29.791 

MICHIGAN 

MINNESOTA 

1 

21  .  21  6 

- 

21  .  i\  6 

2.570 

18.616 

1 

160 

2 

14 

167 

18. 81 3 

- 

18.813 

MINNESOTA 

MISSISSIPPI    11 

6 

11.735 

- 

n.735 

126 

1 1 . 309 

- 

- 

- 

- 

- 

11.309 

- 

11.309 

MISSISSIPPI   y 

M 1 SSOUR 1 

2 

12.757 

- 

12.757 

661 

12.096 

- 

131 

7 

- 

138 

12,231 

- 

12.231 

MISSOURI 

MONTANA 

5 

5.887 

- 

5.887 

1  .087 

1.800 

- 

7 

- 

- 

7 

1.807 

- 

1,307 

MONTANA 

NEBRASKA 

5 

11.828 

89 

11.739 

258 

1 1  .  131 

9 

112 

_ 

33 

151 

11.635 

50 

11.585 

NEBRASKA 

NEVADA 

i 

1.U59 

28 

1.131 

95 

1.336 

• 

23 

• 

- 

23 

1.359 

- 

1.359 

NEVADA 

NEW  HAMPSHIRE 

ll 

3.6U3 

- 

3. 613 

135 

3. 508 

' 

- 

" 

- 

• 

3.508 

- 

3.503 

NEW  HAMPSHIRE 

NEW  JERSEY 

3 

25.162 

- 

25.162 

:>.  1  i,i 

23.006 

61 

- 

1 

- 

62 

23,068 

- 

23.068 

NEW  JERSEY 

NEW  MEXICO 

5 

■*.  758 

- 

1.758 

163 

1.295 

25 

- 

- 

- 

25 

1,320 

- 

U.320 

NEW  MEXICO 

NEW  YORK 

li 

72.866 

728 

72.138 

2.115 

69.693 

61 

- 

- 

* 

61 

69,757 

- 

69.757 

NEW  YORK 

NORTH   CAROLINA 

6 

25.1  19 

- 

25.119 

617 

21.532 

- 

1.017 

- 

7 

1,021 

25.556 

- 

25.556 

NORTH   CAROLINA 

NORTH  DAKOTA 

8/    It 

3.185 

52 

3.133 

785 

2.618 

l 

66 

- 

21 

88 

2.736 

- 

2.736 

NORTH   DAKOTA 

OHIO 

It 

9/  52.656 

- 

52.656 

2.190 

50.166 

- 

- 

- 

- 

- 

50.166 

- 

50,166 

OHIO 

OKLAHOMA 

It 

15.258 

305 

11.953 

717 

1 1.206 

- 

281 

5 

- 

289 

11.195 

- 

ll. 195 

OKLAHOMA 

OREGON 

5 

12.010 

- 

12.010 

1,119 

10.591 

- 

- 

• 

- 

• 

10.591 

9 

10.582 

OREGON 

PENNSYLVANIA 

It 

60. 256 

672 

59.531 

- 

59.581 

- 

- 

6 

- 

6 

59.590 

- 

59,590 

PENNSYLVANIA 

RHOOE   island 

3 

it.  257 

- 

1.257 

230 

!t.027 

u 

_ 

. 

- 

1 

1.031 

. 

1,031 

RHODE    ISLAND 

SOUTH   CAROLINA 

6 

12.562 

- 

12.562 

265 

12.297 

- 

250 

- 

- 

250 

12.517 

31 

12.516 

SOUTH    CAROLINA 

SOUTH   DAKOTA 

U 

5.2U7 

107 

5.1I0 

1,181 

3.956 

- 

67 

- 

- 

67 

1.023 

ii 

1,012 

SOUTH  DAKOTA 

TENNESSEE 

7 

18,853 

- 

18.353 

97 

18. 756 

- 

1.018 

- 

58 

1.076 

19.832 

105 

1  9.  727 

TENNESSEE 

TEXAS 

It 

52.939 

530 

52.109 

7.220 

15.189 

_ 

- 

- 

19 

19 

15,208 

- 

IS.  203 

TEXAS 

UTAH 

It 

3.793 

58 

3.735 

- 

3.735 

1 

- 

• 

* 

1 

3.736 

18 

3.688 

UTAH 

VERMONT 

it 

2.679 

2.679 

- 

2.679 

- 

- 

• 

- 

• 

2.679 

- 

2.679 

VERMONT 

VIRGINIA 

5 

19.005 

- 

19,005 

1,171 

17.831 

• 

- 

1 

- 

1 

1  r.832 

3 

17.829 

VIRGINIA 

WASHINGTON 

5 

17,227 

- 

17.227 

1.233 

15,991 

3 

- 

- 

9 

12 

IK, 001 

- 

16.006 

WASHINGTON 

WEST   VIRGINIA 

5 

10,560 

- 

10.560 

151 

10.109 

ll 

- 

- 

- 

11 

10,123 

- 

10,123 

WEST  VIRGINIA 

WISCONSIN 

it 

21  .  9U9 

- 

21 .  919 

1.678 

20.271 

_ 

167 

- 

- 

167 

20.138 

- 

20.138 

WISCONSIN 

WYOMING 

li 

2.622 

- 

2.622 

- 

2.622 

2 

- 

- 

. 

2 

2.621 

11 

2.580 

WYOMING 

DISTRICT   OF  COLUMBIA 

2 

2.805 

- 

2.805 

21 

2.781 

7 

" 

- 

- 

7 

2.791 

- 

2.791 

DISTRICT  OF  COLUMBIA 

TOTAL 

10/  3.96 

868.312 

3.833 

861,179 

18,016 

81  6. 133 

111 

U.9U7 

33 

1  89 

5.580 

822,013 

357 

821  ,  656 

TOTAL 

1  /     THE    STATES  FO 

1  WHICH   AMI 

HJNTS  ARE    SHOWN  MAKE  ALLOWANCES  TO   DISTRIBUTORS  FOR 

<2J     RATE   CHANGEO  FROM   5  CENTS 

TO  5.1    CENTS  MARCH  1 

1  . 

EXPENSE   OF   COLLECTING 

HE   TAX. 

N  CONNECTICUT,    KENTUCKY,    SOUTH   DAKOTA,    AND  UTAH 

6/      RECEIPTS  FROM  TAX  ON  LUBR 

ICATING  OIL.    $853,000 

,    NOT    INCL 

UDED    IN  THIS  TABLE. 

ALLOWANCES  OF   1,    2  1  /I 

U,    ANO  3 

PERCENT.    RESPECTIVELY,    OF   THE   TAX  OTHERWISE    OUE  ARE 

7/      SPECIAL   COUNTY    TAXES  OF  ^ 

CENTS  PER  GALLON    IN 

HANCOCK  CO 

UNTY  AND  2  CENTS  PER 

MADE    IN    CONSIDERATION 

)F  BOTH    EXI 

>ENSE  OF  COLLECTION  AND  GALLONAGE  LOSSES    IN  HANDLING 

GALLON    IN  HARRISON   COUNTY,    AMOUNT  I 

NG   TO    $175,000    IN  193 

9,    ARE    IMP 

OSED  FOR  SEAWALL 

IN    THESE    STATES   THE  AL 

.OWANCES  F 

)fl  EXPENSES  ONLY  HAVE   BEEN    EST IMATEO  AS  J.    1  .    2.    ANO 

PROTECTION  ANO  ARE   NOT    INCLUDED    IN 

THIS   TABLE. 

lj   PERCENT,    RESPECTIVE 

.Y. 

g/      RATE   CHANGED   FROM  3    CENTS 

TO   It   CENTS  JULY   1  . 

2/      STARS    I  NO  I  OAT 

I  AMOUNTS 

.ESS  THAN    $500. 

q/     OHIO    IWQSES  A    3-CENT    TAX 
LI'fcHD  FUELS.      THE  RECEIPTS  FROM  T 

ON  MOTOR- VEHICLE   FUE 

L  AND  A  1- 

CENT   TAX  ON  ALL 

|/      FEES  FOR    INSP 

ICTION  OF 

ilOTOR-VEH  1  CLE   FUEL.      WHEREVER  POSSIBLE,    FEES  FOR 

HE   1-CENT    TAX  APPLICA 

BLE    TO  NON 

-MOTOR-VEHICLE  FUELS 

INSPECTION  OF  KEROSENE 

AND  OTHEfl 

NON-MOTOR-VEHICLE   FUELS  HAVE  BEEN   ELIMINATED. 

(KEROSENE.    FUEL  OIL.    ETC.)    WERE    $6 

11,000.       THESE  RECEIP 

TS  HAVE   BE 

EN   ELIMINATED  FROM 

1/      INCLUOES  FEES 

FOR  MOTOR 

-Fua    CARRIER  PERMITS.    REFUNO  OR  EXEMPTION  PERMITS, 

THE  TOTAL    GIVEN,    w ICH  REPRESENTS 

A  ll-CENT    TAX  ON  MOTOR 

-VEHICLE  F 

UEL. 

AND  MISCELLANEOUS  UNCU 

VSSIFIEO  H 

ICEIPTS. 

10/      WEIGHTEO  AVERAGE  RATE. 

June  1940 
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UJ 
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1 
E 
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3 

4 

ALABAMA 
AR  IZONA 
ARKANSAS 
CALIFORNIA  6/ 

3 
5K|2 

o  z  <  or 

8§aS 

GEORGIA 
IDAHO 
ILLINOIS 
INDIANA 

IOWA 
KANSAS 
KENTUCKY 
LOUISIANA 

5 

O  3  Z 

SSli 

MINNESOTA 
MISSISSIPPI 
MISSOURI 
MONTANA    12/ 

1- 

01   UJ 

s  >  *  ?■ 

z  z  z  z 

NEW  MEXICO 
NEW  YORK 
NORTH  CAROLINA 
NORTH  0AK0TA 

OHIO 

Oklahoma 

OREGON 
PENNSYLVANIA 

1 
iaas 

< 

z  z 

UJ  r-    UJ   - 
1-   3    >  > 

WASHINGTON 

WEST  VIRGINIA 

WISCONSIN 

WVOMING 

DISTRICT  OF  C0LUM8IA 

$1 

1 

e 

1_/     RECEIPTS  FOR  REGISTRATION  PERIODS  ENDING  NOT  EARLIER   THAN  NOVEMBER  30  AND  NOT   LATER   THAN  JANUARY    31                                                                  6/     REGISTRATICN   FEES    INCLUDE  PROCEEDS  OF   STATE    "VEHICLE   LICENSE   FEES".    $1 0. 99U. 000.     IMPOSEO    IN 
ARE   CONSIDERED   CALENDAR- YEAR  RECEIPTS.       IN   THOSE    STATES  WHERE    THE  REGISTRATION  PERIOD    IS  DEFINITELY    REM0VE0                                                       ADDITTON   TO   THE  REGULAR    REGISTRATION  FEES  OF  $11,639,000. 
FROM  THE  CALENDAR   YEAR,    REGISTRATION  RECEIPTS  WERE  OBTAINED  FOR    THE  CALENDAR-YEAR  PERIOD.                                                                                                              7/      INCLUDED  WITH  MOTOR-TRUCK    FEES. 

2/      SEGREGATION  OF  REGISTRATION   FEES   BY   TYPE  OF  VEHICLE   WAS  NOT   AVAILABLE   FOR  MISSISSIPPI,    NEW  HAMPSHIRE,                                                             p/      p£ES  OF  25.93U  LIGHT   TRUCKS    INCLU0ED  WITH    THOSE   OF  PASSENGER   VEHICLES. 
AND  TENNESSEE.       TOTAL  MOTOR-VEHICLE  REGISTRATION  FEES    IN    THOSE    STATES    1 NCLU0E   TRAILER   AND  MOTORCYCLE    FEES                                                                        9/      TRAILERS  OF  1,000  POUNDS  CAPACITY  OR  MORE  PROHIBITED  ON  HIGHWAYS,    ALTHOUGH  PERMITTED    IN  CITIES 
EXCEPT    IN  NEW  HAMPSHIRE,    FOR  WHICH  MOTORCYCLE    FEES  WERE   REPORTED  SEPARATELY.      OEALERS'    LICENSE    FEES    IN   TENNESSEE                                            UNDER~CITY   LICENSES.      TRACTOR-SEMITRAILERS  REGISTEREO  AS  MOTCR   TRUCKS.      LIGHT    TRAILERS  PERMITTED  BUT   NOT 
AND  THE  DISTRICT  OF  COLUMBIA   ARE  ALSO    INCLUDED    IN   THIS  COLUMN.                                                                                                                                                                   REGISTEREO 

3/      THE  MOTOR-BUS  REGISTRATION  FEES  ARE    INCOMPLETE    (SEE    TABLE  MV-1,    1939,    NOTE   1|).      WHERE  NO    FEES  ARE                                                                   10/      FEES  OF  LIGHT    TRAILERS  AND  COMMERCIAL    SEMITRAILERS  ONLY.      FEES  OF  COMMERCIAL   FULL    TRAILERS 
TABULATED,    THE    FEES  OF  BUSSES  ARE    INCLUDEO  WITH  THOSE   OF  AUTOMOBILES.    UNLESS  OTHERWISE   NOTED.                                                                                          INCLUDED  WITH  THOSE  OF  MOTOR    TRUCKS. 

U/     PROCEEDS  OF  SPECIAL    EXCISE  AND  PRIVILEGE   TAXES  ON  NEW  CAR   SALES  HAVE   BEEN    SEGREGATED  AND  ENTERED    IN                                                              11/      FEES  OF  TAXICABS    INCLUDED  WITH    THOSE  OF  MOTOR    TRUCKS. 
THIS  COLUMN.      RECEIPTS  FBOM  A   2  PERCENT  MOTOR-VEHICLE  EXCISE    TAX    IN  OKLAHOMA.     IMPOSEO  AS  A  PART   OF  A  GENERAL                                                              75/      REGISTRATION   FEES  ARE  COLLECTED  BY  COUNTIES  AND  STATE  DOES  NOT  MAINTAIN  COMPLETE  RECORD.      FIGURES 
SALES  TAX,    ARE  NOT    IN0LUDE0    IN  THIS  TABLE.      PROCEEDS  OF  THIS  TAX  WERE    tl.188.000    IN  1939.                                                                                                   GIVEFTaRE   ESTIMATES  SUPPLIED  BY    STATE. 

5/      IN  MANY    STATES  COUNTY  OR  LOCAL  OFFICERS  ARE  ALLOWEO   SERVICE   CHARGES  FOR    ISSUING  REGISTRATIONS.    OPER-                                                             13/      INCLUDED  WITH  MOTOR-VEHISLE   REGISTRATICN    FEES. 
ATORS*  LICENSES.    ETC.       IN   THE  MAJORITY  OF  CASES  THESE   CHARGES  ARE    INCLUDED    IN  REGISTRATION  AND  OTHER  FEES.                                                                    rf/      FEES  OF  TRUCKS  UNDER  1,^00  POUNDS  CAPACITY    INCLUDEO  WITH    THOSE  OF  PASSENGER  CARS. 
THE  AMOUNTS  SHOWN    IN  THIS  COLUMN  ARE  ESTIMATES  OF  SERVICE    CHARGES  COLLECTEO  AND   RETAINEO  BY   LOCAL   OFFICIALS                                                                 iff/      INCLUDED  WITH   PASSENGER' CAR   FEES. 
ANb  NOT   REPORTED  ELSEWHERE    IN   THE   TABLE.                                                                                                                                                                                                                                Tt/      TOTALS  OF   COLUMNS  POP  WHICH   FULLY   CLASSIFIED  DATA  WERE  NOT   AVAILABLE    FOR  ALL    STATES. 
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A  STUDY  OF  MOTOR- VEHICLE  DRIVERS 
AND  SPEED  IN  CONNECTICUT' 

By  HARRY   R.  DeSILVA,  Research  Associate  in  Psychology,  Driver  Research  Center,  Institute  of  Human  Relations,  Yale  University 


FACTUAL  DATA  regarding  the  influence  of  speed 
on  highway  accidents  are  very  scarce,  although  a 
great  deal  has  been  said  and  written  about  speed 
as  a  cause  of  accidents.  Before  this  problem  can  be 
solved,  it  is  necessary  to  find  out  who  the  speeding 
drivers  are,  how  many  there  are,  and  when  and  where 
they  drive.  This  can  only  be  accomplished  by  co- 
ordinating the  speeds  of  vehicles  using  the  highways 
with  certain  facts  regarding  the  individual  drivers. 

The  first  of  a  series  of  investigations  to  throw  some 
light  on  speed  as  related  to  the  characteristics  of 
individual  drivers,  was  conducted  in  Connecticut  during 
the  summer  of  1939  by  the  Driver  Research  Center  at 
Yale  University,  in  cooperation  with  the  American 
Association  of  Motor  Vehicle  Administrators,  the 
United  States  Public  Roads  Administration,  and  the 
Connecticut  Motor  Vehicle,  State  Police,  and  Highway 
Departments.  This  study  was  the  first  serious  attempt 
to  gather  facts  about  the  characteristics  of  operators 
whose  driving  speeds  were  accurately  measured. 
Being  the  first  study  of  its  kind,  it  is  somewhat  frag- 
mentary; but  in  spite  of  its  incompleteness  it  is  offered 
as  a  pattern  that  can  be  altered  or  amplified  in  future 
studies. 

The  findings  of  this  investigation,  which  involved  a 
comparatively  small  number  of  drivers,  must  be  con- 
sidered as  tentative  until  corroborated  by  studies  in 
other  States.  A  driver-speed  investigation  has  recently 
been  completed  in  South  Carolina  and  similar  studies 
are  now  under  way  in  other  States. 

A  survey  was  first  made  of  various  main  roads  in  the 
vicinity  of  Hartford,  Connecticut,  to  select  tangent 
sections  of  highway  relatively  free  from  physical 
hazards  that  might  influence  vehicle  speeds.  A 
description  of  each  of  the  selected  locations  is  contained 
in  table  1.  All  observations  were  made  on  weekdays 
between  the  hours  of  10  a.  m.  and  4:30  p.  m.  The 
weather  was  clear  and  warm  and  the  visibility  excellent 
except  during  the  studies  at  station  9  where  there  were 
intermittent  showers. 

Vehicle  speeds  were  obtained  with  a  speedmeter  of 
the   recording   type   described   and   illustrated   in   the 


April  1940  issue  of  PUBLIC  ROADS.  Efforts  were 
made  to  conceal  the  truck  housing  the  speedmeter  so 
that  it  could  not  be  seen  by  passing  motorists.  Two 
black  rubber  tubes,  stretched  across  the  road  24  feet 
apart,  were  used  as  detectors  for  the  speedmeter. 
Very  few  drivers  were  aware  of  their  presence  either  at 
a  distance  or  when  passing  over  them  as  they  resembled 
expansion  joints.  Two  men  near  the  edge  of  the  road 
but  out  of  sight  of  oncoming  cars  read  the  registration 
numbers  of  all  vehicles  traveling  in  one  direction  and 
recorded  them  together  with  the  vehicle  speeds. 

About  a  mile  down  the  road  and  out  of  sight  of  the 
speedmeter  location  all  vehicles  traveling  in  this  direc- 
tion were  stopped  by  a  policeman  who  motioned  them 
over  to  the  side  of  the  road  where  the  drivers  were 
questioned  by  an  investigator.  As  about  2  minutes 
were  required  to  question  each  driver,  several  men 
were  used  for  this  operation  to  prevent  the  formation 
of  long  lines  during  the  hours  of  heaviest  traffic.  The 
questionnaire  used  is  shown  in  figure  1. 

At  the  end  of  the  day  the  registration  numbers  on 
the  questionnaires  were  matched  with  the  registration 
numbers  and  speeds  obtained  at  the  speedmeter 
location.  When  there  was  any  doubt  about  matching 
the  registration  numbers  the  questionnaire  concerned 
was  discarded.  Two  thousand  six  hundred  and  sixty- 
four  questionnaires  were  identified  and  found  to  be 
complete  enough  for  use  in  practically  all  of  the  sub- 
sequent analyses. 

Upon  completion  of  the  field  work,  the  information 
on  the  questionnaires  was  placed  on  punch  cards  and 
tabulated.2 

OUT-OF-STATE  DRIVERS  TRAVELED  FASTER  THAN   CONNECTICUT 

DRIVERS 

The  number  of  drivers  studied  at  each  location, 
then  average  speed,  and  number  of  miles  traveled  on 
the  day  interviewed  are  shown  in  table  2.  The  drivers 
of  74  light  commercial  vehicles  were  also  interviewed 
but  in  this  table,  as  in  all  other  tables,  they  are  ex- 
cluded unless  a  separate  classification  is  made  for  them. 
No  data  were  collected  for  large  trucks  and  busses. 


Table  1. — Description  of  study  locations 


Date 
1939 

Day  of  week 

Location 

Direction  of 
traffic  studied 

Type  of  highway 

Posted 
speed 
limit 

Sta- 
tion 

Surface  type 

Num- 
ber of 
lanes 

Width 

Shoulders 

1 
2 

Aug.     8 

Aug.     9 
Aug.   10 
Aug.   15 
Aug.   16 
Aug.   17 

Aug.   23 
Aug.    24 
Aug.   25 

Tuesday 

Wednesday 
Thursday 

U.  S.  Route  6A,  3  miles  west  of  New  Britain 

traffic  circle. 
do    

West-bound 

East-bound 

New  concrete 

do 

2 

2 
2 
2 
3 
2 

2 
2 
2 

Feet 
20 

20 
20 
22 
20 
20 

20 
20 
20 

5  feet  oiled 

do 

do 

M.  p.  ft. 

(') 

(') 

3 

do 

West-bound 

..  do  .. 

(') 

4 

5 
6 

7 
8 

Tuesday 

Wednesday... 
Thursday 

Wednesday.. . 

Thursday 

Friday 

State  Route  10,  3  miles  north  of  Cheshire 

State  Route  10,  5  miles  south  of  Cheshire 

U.  S.  Route  6A,  3  miles  west  of  New  Britain 

traffic  circle. 
State  Route  15, 1  mile  south  of  Vernon  Center  2. . 

North-bound  .. 

South-bound 

East-bound...  ... 

South-bound 

...do 

Concrete .  .. 

Uneven  asphalt.  . 
New  concrete 

Concrete .  .. 

do 

do 

Extra  wide 

5  feet  oiled 

do 

do 

(') 

CI 

(') 

40 
40 

9 

State  Route  2,  2  miles  south  of  East  Glaston- 
bury. 

do 

Concrete  (wet) 

..  do... 

40 

i  Not  posted;  50  miles  per  hour  permissible. 
1  Down  3  percent  grade. 


1  Financed  by  a  grant  to  Yale  University  from  the  Esso  Safety  Foundation. 

1  The  Aetna  Casualty  and  Surety  Company  generously  helped  in  tabulating  the  data. 
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Table  2. — Average  speeds  and  total  trip  distances  of  vehicles  observed  at  various  study  locations 


Station 

Drivers  interviewed 

Average  speed 

Total  average  trip  today 

Men 

Women 

Men 

Women 

Men 

Women 

Connect- 
icut 

Out-of- 
State 

Connect- 
icut 

Out-of- 
State 

Connect- 
icut 

Out-of- 
State 

Connect- 
icut 

Out-of- 
State 

Connect- 
icut 

Out-of- 
State 

Connect- 
icut 

Out-of- 
State 

1 

Number 
103 
101 
133 
176 
151 
243 

95 
104 

73 

Number 
66 
63 
52 
71 
31 
149 
204 
290 
23 

Number 
28 
31 
32 
29 
31 
47 
24 
23 
12 

Number 
9 
16 
11 
7 
6 
30 
48 
74 
4 

M.  p.  ft. 
41.3 
43.9 
41.2 
41.2 
39.7 
44.7 
44.5 
46.2 
47.3 

M.  p.  ft. 
43.6 
46.8 
43.9 
43.1 
40.5 
46.3 
47.2 
46.2 
48.4 

M.  p.  ft. 
39.8 
44.2 
39.3 
39.8 
39.9 
43.3 
41.1 
41.2 
49.2 

M.  p.  ft. 
42.9 
44.6 
40.8 
42.3 
40.4 
43.9 
47.5 
45.2 
40.6 

Miles 
92 
96 
99 
118 
88 
116 
160 
140 
118 

Miles 
240 
231 
231 
193 
167 
240 
291 
280 
160 

Miles 
58 
74 
87 
80 
75 
92 
113 
135 
94 

Miles 

265 

2       

199 

3  

219 

4 

217 

5 

162 

6 .. 

263 

7 

271 

8-.   _ 

296 

9.. 

Total  . 

193 

1,179 

949 

257 

205 

42.7 

45.8 

41.6 

44.8 

113 

254 

88 

264 

Combined 

2,128 

462 

44.1 

43.1 

176 

166 

TRAFFIC  SURVEY 
Driver  please  check  In  the  appropriate  place 

1.  Sex:  Male Female 

2.  Single 

3.  Private  driver 


Married 


Commercial  driver 


Rural  resident  (less  than  1000  population)^ 
City  resident  (more  than  1000  population) 


Traveling  on  busines6_ 
Are  you  owner  of  car 


_for  pleasure_ 


(indicate  relationship:    son, 
daughter,  nephew,   etc.) 


_or  employee  of  ovraer_ 


Fill  in  blank  space: 
7-     Age 


How  many  years  have  you  driven  a  car_ 
Hon  many  miles  do  you  drive  yearly 


Driver's  license  from  what  state_ 

Miles  already  traveled  today 

How  many  miles  to  go  today 


Number  of  occupants  besides  yourself;     wife  or  husband 

children ,   relatives ,  no  relation_ 


Total  number  of  occupants  besides  yourself^ 
Make  of  car 


Passenger  car_ 


Year  of  model_ 
Truck 


Figure  1. — Questionnaire  Form  Filled  Out  in  Speed 

Study. 

Women  drivers  comprised  17.9  percent  of  both  the 
Connecticut  and  out-of-State  drivers  interviewed.  As 
women  comprise  19.1  percent  of  all  drivers  registered 
in  Connecticut,  the  sample  of  drivers  obtained  during 
the  study  was  fairly  typical  in  regard  to  the  proportion 
of  men  to  women  drivers.  Out-of-State  drivers  com- 
prised 44.5  percent  of  the  total  sample.  This  large 
proportion  of  out-of-State  drivers  is  not  typical  of 
traffic  on  all  Connecticut  highways  and  was  no  doubt 
caused  by  conducting  the  studies  during  hours  when 
most  Connecticut  drivers  are  at  work,  during  August 
when  there  is  a  relatively  high  percentage  of  tourist 
traffic,  and  on  through  routes  carrying  a  relatively  high 
percentage  of  out-of-State  traffic.  For  this  reason  the 
data  in  most  tables  presented  are  generally  segregated 
by  Connecticut  and  out-of-State  drivers. 

At  all  stations,  out-of-State  men  drove  faster  than 
Connecticut  men  and  at  all  but  station  9,  where  a  small 


sample  was  obtained,  out-of-State  women  drove  faster 
than  Connecticut  women,  the  average  difference  being 
3.1  miles  per  hour  for  men  and  3.2  miles  per  hour  for 
women. 

Women  drivers,  both  Connecticut  and  out-of-State, 
drove  at  practically  the  same  average  speed  or  at  a 
lower  speed  than  the  men  at  all  locations  except  sta- 
tion 9  where  the  women  Connecticut  drivers  traveled 
1.9  miles  per  hour  faster  than  the  men. 

The  average  trip  length  for  out-of-State  drivers  was 
much  longer  than  that  for  Connecticut  drivers.  The 
average  trip  length  was  practically  the  same  for  out- 
of-State  men  and  women  but  considerably  shorter  for 
Connecticut  women  than  for  Connecticut  men. 

The  average  speed  for  men  drivers  at  the  different 
stations  ranged  from  39.7  miles  per  hour  at  station  5, 
to  48.4  miles  per  hour  at  station  9.  The  high  speeds 
at  station  9  may  be  explained  by  the  large  number  of 
drivers  in  a  hurry  to  get  to  shore  resorts  Friday  after- 
noon ahead  of  an  oncoming  storm.  Under  these  condi- 
tions, the  Connecticut  women  drove  faster  than  the 
men. 

The  uneven  road  surface  was  probably  a  factor  caus- 
ing the  low  average  speeds  at  station  5,  but  the  low 
average  trip  distance  and  the  low  percentage  of  out-of- 
State  drivers  probably  had  a  greater  effect. 

Knowledge  of  the  speed  distribution  of  vehicles  is 
necessary  for  the  proper  design  of  highways.  Likewise, 
information  about  drivers  in  various  speed  groups  is  of 
fundamental  importance  for  proper  licensing  and  regu- 
lation of  drivers  using  the  highways.  Average  values 
for  a  number  of  characteristics  of  drivers  traveling  in 
each  5-mile-per-hour  speed  group  are  shown  in  table  3. 

A  comparison  between  the  speed  distributions  found 
in  this  study  and  in  a  1933-34  speed  study  in  Connecti- 
cut shows  that  the  percentage  of  drivers  in  the  speed 
groups  between  40  and  50  miles  per  hour  has  increased. 
In  the  present  study  the  percentage  of  drivers  traveling 
less  than  40  miles  per  hour  was  only  half  as  large,  and 
the  percentage  traveling  more  than  55  miles  per  hour 
about  three  quarters  as  large  as  in  the  1933-34  study. 

The  highest  percentage  of  both  men  and  women 
drivers  is  found  in  the  40  through  44  mile-per-hour 
group,  as  shown  in  figure  2.  The  average  age  of  both 
men  and  women  drivers  increases  from  the  low-speed 
groups  up  to  the  30-34  mile-per-hour  group  and  begins 
to  decrease  as  the  45-49  speed  group  is  reached.  The 
average  age  of  drivers  in  the  high-  and  low-speed  groups 
is  lower  than  in  the  middle  speed  group.     The  increase 
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in  age  for  the  70-mile-per-hour  group  may  be  attributed 
to  the  smallness  of  the  sample.  Women  drivers  as  a 
group  were  3  years  younger  than  the  men. 

Table  3. — Average  characteristics  of  drivers  in  various  speed 
groups 


Drivers  included  in  study 

a 

CJ  CO 

a" 
"".9 

■  C  3 

Driver's 
age 

Driving  ex- 
perience 

Speed 
group, 
m.  p.  h. 

a 

09 

a 

a* 
S 
o 

03 
O 

E-i 

a 

a 

a 

o 

a 

03 

g 

a 

S 
o 

Below  19.. 

20-24 

25-29 

30-34 

35-39 

40-14 

45-49 

50-54 

65-59 

60-64 

65-69 

70  and  over 

No. 

2 

11 

60 

166 

269 

685 

558 

291 

62 

13 

4 

7 

Pet. 

0.1 

.5 

2.8 

7.8 

12.6 

32.3 

26.2 

13.7 

2.9 

.6 

.2 

.3 

No. 

0 

4 

14 

41 

65 

168 

112 

45 

11 

2 

0 

0 

Pet. 

0 
.9 

3.0 

8.9 
14.1 
36.4 
24.2 

9.7 

2.4 
.4 

0 

0 

No. 

2 

15 

74 

207 

334 

853 

670 

336 

73 

15 

4 

7 

Pet. 

0.1 

.6 

2.8 

8.0 

12.9 

32.9 

25.9 

13.0 

2.8 

.6 

.1 

.3 

Pet. 

0.2 

1.9 

7.2 

16.9 

21.5 

25.5 

13.6 

8.3 

3.3 

1.3 

.2 

.1 

Years 
36.0 
39.7 
37.7 
41.2 
40.4 
40.1 
38.9 
37.5 
36.1 
29.2 
34.5 
39.1 

Years 

34.0 
36.5 
36.2 
36.7 
37.2 
36.9 
34.2 
38.3 
34.0 

Years 
15.0 
17.0 
15.1 
lfi.  2 
16.5 
16.8 
16.6 
16.0 
16.2 
11.5 
15.2 
14.9 

Years 

13.2 
9.0 
9.5 
10.0 
11.9 
12.8 
11.4 
14.8 
12.5 

Total.... 

2,128 

100.0 

462 

100.0 

2,590 

1IH)   II 

100.0 

39.3 

36.6 

16.4 

11.6 

Annual 
travel 

Other  occu- 
pants 

Trip  length 
today 

Price  classification  of  ve- 
hicles driven  by  men 

a 
> 

Speed 
group, 
m.  p.  h. 

a 
1 

a 

a 

o 

n 

i 

a 

a 

o 

is 

a 

0) 

a 

a 

o 

Es 

o 
►J 

a 

•3 

xi 

M 

5 

■s 

o 

-_  a 
2a 

0)   >, 

*o 
to 

< 

Below  19.. 

20-24 

25-29 

30-34 

35-39 

40-44 

45-49 

50-54 

55-59 

60-64 

65-69 

70  and  over 

Miles 
15, 000 
19,900 
17, 400 
18,200 
16,800 
19,  500 
18, 800 
18,  700 
20,700 
28,700 
11,500 
20,700 

Allies 

17,000 
8,800 
8,400 
7,900 
10, 100 
10,  600 
11, 100 
8,400 
12,000 

Num- 
ber 
2.0 
.5 
1.1 
1.1 
1.2 
1.2 
1.2 
1.2 
1.1 
1.2 
1.8 
1.3 

Num- 
ber 

1.8 
1.1 
1.3 
1.7 
1.7 
1.5 
1.3 
2.1 
0 

Miles 
46 
84 
107 
122 
145 
167 
202 
218 
180 
253 
194 
179 

Miles 

96 

74 
95 
123 
157 
230 
184 
258 
77 

Num- 
ber 
2 
7 
42 
97 
180 
440 
342 
173 
30 
8 
3 
4 

Num- 
ber 
0 
3 
11 
43 
55 
163 
154 
79 
20 
3 
1 
2 

Num- 
ber 
0 
1 
5 
9 
19 
51 
46 
35 
11 
2 
0 
1 

Num- 
ber 
0 
0 
2 
17 
15 
31 
16 
4 
1 
0 
ii 
0 

Years 

},2 

}    3. 3 

},4 

1.8 

1.2 

Total.... 

18,800 

9,900 

1.2 

1.6 

176 

166 

1 .  328 

534 

180 

86 

2.5 

1  Motor  Vehicle  Speeds  on  Connecticut  Highway,  by  C.  J.  Tilden,  D.  L.  Morris, 
T.  M.  C.  Martin,  and  E.  W.  Russell.  Yale  Universitv,  Committee  on  Transporta- 
tion, 1936.    (Included  73,171  vehicles.) 

2  Not  classified. 

Even  more  interesting  is  the  fact  that  women  as  a 
group  averaged  about  5  years  less  driving  experience, 
and  performed  only  about  half  the  annual  travel,  of 
men.  This  fact  bears  out  the  common  assumption 
that  the  average  woman  driver  is  not  as  experienced  a 
driver  as  the  average  man. 

Neither  the  annual  travel  nor  the  years  of  driving 
experience  show  a  clear-cut  trend  for  the  different  speed 
groups.  The  speed  group  into  which  drivers  with  high 
or  low  annual  travel  or  driving  experience  fall  seems 
to  be  a  matter  of  chance.  The  average  annual  travel, 
especially  for  men,  is  exceedingly  high  when  compared 
to  the  average  annual  travel  of  8,870  miles  obtained 
for  vehicle  owners  in  17  States  through  the  highway 
planning  surveys,  and  the  average  of  12,090  miles  for 
men  drivers  in  Connecticut  as  obtained  by  a  Connecti- 
cut Motor  Vehicle  Department  questionnaire  in  1939. 
The  reason  for  the  higher  mileage  is  that  in  this  study 
a  sample  of  the  more  active  drivers  who  use  the  road 
during  the  daytime  of  weekdays  was  obtained  rather 
than  a  representative  sample  of  all  drivers.     A  sample 


40 

WOMEN 

35 

30 
25 

20 

IS 

10 

5 

35 

MEN 

30 

25 
20 
15 

10 

5 

ALL  DRIVERS 

30 
25 
20 
15 

10 

5 

0    5    10    15   20   25   30   35   40   45   50   55   60   65   70   75 

speed -miles  per  hour 
Figure  2. — Frequency  Distribution  of  Speeds. 

of  all  drivers  would  include  a  larger  percentage  of 
nonowners  who  drive  only  when  someone  lends  them 
a  car  and  also  a  larger  percentage  of  owners  whose 
annual  travel  is  relatively  small. 

Cars  driven  by  women  had  more  occupants  than  those 
driven  by  men.  An  important  factor  in  explaining  this 
is  that  over  half  of  the  women  were  housewives,  many 
of  whom  were  accompanied  by  their  children.  The 
high-  and  low-speed  groups  of  vehicles  had  about  the 
same  number  of  occupants  as  the  average  vehicle. 

DRIVERS  HAVING  HIGH  ANNUAL  TRAVEL  AND  NEW  CARS  PREDOM- 
INATE IN  HIGH-SPEED  GROUP 

The  "trip  length  today"  shows  a  fairly  definite  tend- 
ency to  increase  as  the  speed  increases,  as  shown  in 
figure  3.  In  other  words,  the  farther  drivers  intend  to 
go,  the  faster  they  drive.  This  finding  is  amplified  later 
in  the  report. 

There  is  a  very  slight  tendency  for  drivers  of  high- 
priced  cars  to  travel  faster  than  the  drivers  of  low-priced 
vehicles.  Low-priced  vehicles  as  a  group  averaged  43.9 
miles  per  hour,  medium-priced  vehicles,  44.7  miles  per 
hour,  and  the  high-priced  vehicles  45.9  miles  per  hour. 
All  three  price  groups  are  well  represented  in  all  speed 
groups  but  11.2  percent  of  the  low-priced  vehicles,  10.7 
percent  of  the  medium-priced  vehicles,  and  8.3  percent 
of  the  high-priced  vehicles  were  traveling  less  than  35 
miles  per  hour.  The  percentages  traveling  over  50 
miles  per  hour  were  16.4,  19.7,  and  27.2  for  the  low-. 
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Figure  3. — Average  Trip  Length  for  Drivers   Traveling 
at  Various  Speeds. 

medium-,  and  high-priced  groups,  respectively.  A 
distribution  of  the  different  classes  of  vehicle  by  sex 
and  residence  of  driver  indicates  that  women,  especially 
Connecticut  women,  drive  a  proportionately  greater 
share  of  the  low-priced  vehicles. 

The  average  age  of  vehicle  was  found  to  vary  in- 
versely with  vehicle  speed  (fig.  4).  In  other  words, 
older  cars  predominate  in  the  low-speed  groups  and 
newer  cars  predominate  in  the  high-speed  groups.  The 
most  obvious  reason  for  this  relationship  is  that  the  new 
cars  will  actually  go  faster,  ride  more  smoothly  and 
silently,  handle  better,  and  are  generally  in  a  better 
mechanical  condition. 

Table  4  shows  characteristics  of  the  individual  drivers 
traveling  faster  than  60  miles  per  hour.  Women 
comprised  17.8  percent  of  all  drivers  studied,  but  only  2 
of  the  high-speed  drivers  (7.7  percent)  were  women. 
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Figure  4. — Average  Age  of  Vehicles  Traveling  at  Various 
Speeds  (Includes  Only  Vehicles  Driven  by  Men). 

The  men  traveling  over  60  miles  per  hour  included 
practically  all  groups  into  which  the  drivers  could  be 
classified.  Married  and  single  men,  owners  and  non- 
owners,  Connecticut  and  out-of-State  drivers,  and  men 
on  business  and  pleasure  trips,  as  well  as  a  variety  of 
occupational  groups  are  included.  The  majority  were 
traveling  considerable  distances  during  the  day, 
although  a  few  were  going  short  distances.  Over  one- 
third  of  the  drivers  traveling  faster  than  60  miles  per 
hour  were  alone,  and  one-fourth  of  them  were  accom- 
panied by  only  one  passenger.     Models  of  cars  driven 


Table  4. — Characteristics  of  individual  high-speed  drivers 

MEN  TRAVELING  OVER  70  MILES  PER  HOUR 


Study 

Registration 

Martial 
status 

Residence 

Purpose  of 
trip 

Relation  to 
owner 

Age  of 
driver 

Driv- 
ing 
expe- 
rience 

Annual 
travel 

Trip  length 
today 

Other  occupants 

Car  driven 

station 

Trav- 
eled 

Going 

Num- 
ber 

Relation 

Price 

Year 

8 

Connecticut 

.     ..do - 

Married 

do 

Urban. .. 
.-do.     .. 

Business 

Pleasure.   

Business 

Pleasure     

Employee. .. 

Owner 

do 

.    do 

Years 
39 
48 
36 
60 

28 
22 
41 

Years 
19 

17 
15 
22 

5 

6 

20 

Miles 
25,  000 
10,  000 
10, 000 
10, 000 

35.  000 
5,  000 
50,  000 

Miles 

200 

18 

40 

35 

120 
125 
50 

Miles 

212 

10 

200 

25 

20 
70 
125 

0 
0 
1 
2 

High 

Medium. 

Low 
Medium 

Low.   

...do. 

1937 

4 

1939 

6 

do 

do - 

do 

do 

Rural 

...do 

1936 

1 

Wife  and  rela- 

1939 

3 

Massachusetts 

do 

Urban   .  - 

do 

do 

tive. 
5      Relatives 

1939 

3 

...do 

Single 

Married 

...do 

do 

Friend 

Owner 

1 
0 

1939 

8 

New  York 

.--do 

Business 

...do 

1939 

MEN  TRAVELING  65  TO  69  MILES  PER  HOUR 


Connecticut... 

do 

Massachusetts. 
do .-.- 


Single. -. 

do.. 

Married. 
do.. 


Urban, 
—do... 
-  do... 
Rural.. 


Pleasure- 

do._. 

do... 

....do- 


Son 

Owner 

Employee.. 
Owner 


18 

2 

12,000 

15 

75 

0 

31 

12 

12,  000 

50 

80 

1 

48 

25 

10,  000 

100 

230 

3 

41 

22 

12,000 

127 

100 

3 

Friends     and 
relatives. 


Low 

—  .do 

...do 

Medium... 


1939 
1936 
1935 
1939 
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Connecticut. -. 

do 

do 

do 

do - 

do 

do- 

Massachusetts. 

do... 

do 


.  —do 

New  York 

Pennsylvania. 


Married . 

do... 

do.. 

do._ 

Single. .. 

do... 

do- 
Married  . 

do  — 

do— 


Single.  -. 
—do- 
Married  . 


Urban  _ 

do 
...do... 
Rural.. 
Urban. 
...do  — 
.-do  — 
...do  — 
--do... 
..do  — 


..do. 
.-do. 
--do. 


Business. 
Pleasure. 
Business- 
do- 
Pleasure 
Business  - 

do  — 

do.... 

do... 

Pleasure - 


Social 

Pleasure _ 
..... do--- 


Employee. 

Son 

Owner 

do 

do 

—do- 
Son 

Owner 

—do- 
Son 


Owner. 
....do. 
do. 


27 

11 

40,  000 

70 

103 

0 

23 

3 

6,000 

150 

225 

3 

46 

29 

30,  000 

40 

60 

1 

39 

16 

75,  000 

18 

200 

0 

22 

2 

25,  000 

100 

150 

o 

24 

10 

40,000 

200 

1,50 

0 

18 

2 

5,000 

15 

40 

2 

26 

10 

20,  000 

95 

230 

0 

30 

13 

45,  000 

40 

130 

1 

29 

13 

25,  000 

211 

120 

4 

26 

8 

12,000 

100 

150 

2 

37 
32 

20 
12 

25,  000 
25,  000 

100 

272 

200 
120 

0 
1 

Relatives. 
Wife 


Wife  and  rel- 
atives. 


Low 

do... 

High 

do- 
Low 

Medium. 
Low-„  — 
—  do- 
Medium  . 
Low 


—  do- 
Medium  . 
Low 


1939 
1939 
1939 
1939 
1939 
1939 
1939 
1938 
1939 
1939 

1937 
1939 
1938 
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10 

12,000 
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25 
20 

90 
20 
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1936 

4 

1937 
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by  the  high-speed  drivers  ranged  all  the  way  from  1935 
low-priced  to  new  high-priced  cars. 

Outstanding  characteristics  of  the  high-speed  drivers 
as  a  whole  are  that  drivers  with  new  cars,  and  drivers 
having  an  annual  travel  over  25,000  miles  comprised  far 
more  than  their  proportionate  share.  This  is  clearly 
shown  by  table  5.  Single  men,  nonowners,  pleasure 
drivers,  drivers  on  trips  of  over  100  miles,  and  drivers 
below  30  years  of  age  also  comprised  a  considerably 
larger  portion  of  the  high-speed  drivers  than  of  the  total 
sample. 

Table  5. — Comparison  of  characteristics  of  men  drivers  in  high- 
speed group  with  characteristics  of  all   men  drivers  studied 


Classification 


Out-of-State 

Urban 

Unmarried 

Nonowners _ 

Pleasure  trip 

Annual  travel  over  25,000  miles 

On  trip  over  100miles_ 

Driving  1938  and  1939  cars 

Driving  high-priced  cars 

Two  or  more  passengers. 

Age  group: 

16-19 

20-29 

Driving  experience,  years: 

4orless 

5-9 

10-19 


Percentage 

of  high- 

speed men 

drivers 

45.8 

83.3 

33.3 

33.3 

54.2 

50.0 

79.2 

79.2 

12.5 

37.5 

8.3 

37.5 

16.7 

12.5 

45  8 

Percentage 
of  total 

men  drivers 
in  study 


81.5 
25.0 
27.4 

t:  5 

22.0 
67.5 
31.5 

s  ;, 
30.5 

2  7 

217 

9.  1 
12  0 
37.3 


Table  6  shows  data  relating  to  the  characteristics  of 
drivers  in  each  age  group.  In  all  age  groups  except 
those  over  60,  in  which  a  very  limited  sample  was 
obtained,  men  drove  slightly  faster  than  women. 
Commercial  drivers,  including  only  those  driving  light 
vehicles,  traveled  at  speeds  considerably  lower  than 
either  the  men  or  women  drivers  of  noncommercial 
vehicles. 


Men  in  the  16-19  year  age  group  had  a  slightly 
higher  average  speed  than  drivers  in  the  20-29  year 
age  group.  Beyond  the  age  of  40  there  was  a  definite 
chop  in  average  driving  speed  with  increasing  age,  for 
men  drivers.  The  younger  single  men  traveled  at 
slightly  higher  speeds  than  the  younger  married  men. 
Beyond  40,  married  men  traveled  as  fast  as  single  men. 
The  differences  are,  however,  very  small  and  figures  on 
larger  numbers  must  be  obtained  before  much  impor- 
tance can  be  attached  to  this  finding. 

Interesting  information  is  presented  in  table  6  for 
each  age  group  regarding  the  chiving  speeds  of  owners 
and  nonowners,  and  the  percentage  of  drivers  in  each 
group  that  owned  the  cars  they  were  driving.  A  sep- 
arate breakdown  of  the  20-29  age  group  is  shown  for 
these  factors  in  table  7. 

Table  7. — Characteristics  of  young  drivers 


Drivers 
included 

Sp 1 

Ow 

in  study 

Men 

Women 

Age  of  driver, 
years 

a 

S 
o 

O 

a 
s 

o 

o 
Z 

s 

a 

s 
O 

a 
■s 

o 

o 

z 

~z 

3 
< 

a 
a 

20 

21 _.. 

No. 
34 
25 
58 
42 
51 

231 

No. 

5 
10 

8 

15 
12 
66 

M.p.h. 

42.  3 
42.6 
43.1 
44.3 
43.3 
44   ". 

M.p.h. 
43.9 
43.4 
47  >> 

45.1 

47.5 
II  8 

M.p.h. 
43.  6 
43.1 

45.5 
44.6 

II   7 
44  0 

M.p.h. 
51.8 
46.9 

43.  0 

41   7 
44.3 

M.p.h. 
47.3 
44.9 
45.8 
41.0 
42.3 
41.8 

M.p.h. 
48.  2 
46.1 
45.8 
41.7 
42.  0 
13  ii 

Pet. 
17.6 
32.0 

50.0 
64.2 
66.  6 
68  8 

Pet. 
20.0 

60.0 

22 

0 

23 

33.3 

24 

25-29 

58.3 
46  9 

MEN  HAD  MORE  DRIVING  EXPERIENCE  THAN  WOMEN 

As  would  be  expected,  the  data  show  that  for  the 
sample  obtained  during  this  study  very  few  of  the  men 
under  20  years  of  age  were  owners  of  the  cars  they  were 
driving  (see  fig.  5).     The  percentage  of  owner  drivers 
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tBLE  6.- 

—Chan 

Ctc  rl si li 

.s  of  drivers  by 

age  groi 

ps 

Drivers  included 
in  study 

3peei 

O 

wners 

Women 

Total 

Com- 
mercial 

Men 

Age  of  driver, 
years 

Men 

Women 

Men 

Com- 
mercial 

Single 

Married 

Owners 

Non- 
owners 

Total 

Single 

Married 

Owners 

Non- 
owners 

■\\  omen 

16-19 

Number 
57 
441 
618 
597 
269 
124 
22 

Number 

10 

116 

169 

105 

50 

10 

2 

Number 
5 

28 
21 
10 
6 
4 
0 

M.p.h. 
45.1 
44.7 
45.4 
43.3 
43.1 

}      42.8 

M.p.h. 

M.p.h. 
41.0 
44.1 
44.7 
43.7 
43.4 
f      43.0 
\      42.1 

M.p.h. 
45.  3 
45.  3 
44.9 
44.  5 
41.9 
40.0 
40.9 

M.p.h. 
45.1 
44.5 
44.7 
43.9 
43.1 
42.4 
42.0 

M.p.h. 

39.8 
43.1 
43.0 
43.9 
41.7 

}      40.4 

M.p.h. 

M.p.h. 
58.4 
44.3 
42.7 
43.5 
42.3 
/      42.4 
1        14.  2 

M.p.h. 
37.7 
42.7 
43.  6. 
42.  4 
43.3 

M.p.h. 
39.8 
43.4 
43.1 
43.1 
42.6 
42.4 
45.3 

M.p.h. 
40.1 
40.2 
39.8 
34.7 
37.4 
34.6 

Pereent 
10.5 
59.6 
74.  9 
79.3 
81.4 
81.4 
90.9 

Pereent 
10.0 

20-29- . . 

44.1 
44.5 
44.0 
43.1 

42.3 

44.1 
43.1 
42.6 
43  2. 

40.6 

43.1 

30-39 

55.3 

40-49 

67.3 

50-59 

81.6 

60-69 

100.  0 

Over  70 

46.4 

50.0 

- 

Total 

2,128 

462 

74           44.6 

43.9 

43.9 

44.5 

44.1 

42.9 

43.1 

42.9 

42.8 

42.9 

38.8 

72.6 

57.7 

Other  occu- 
pants 

Trip  length 
today 

Driving  ex- 
perience 

Annual  travel 

Age  of 
vehicles 

driven 
by  men 

Distribution  of  men  dr 

vers 

Men 

Women 

All  men 
in  Con- 
necticut ' 

Studied 

Age  of  driver, 
years 

Men 

Women 

Men 

Women 

Men 

Women 

Regjs- 
tered 

Con- 
necticut 

Out-of- 
State 

Total 

Con- 
necticut 

Out-of- 
State 

Total 

in 

Con- 

necticut 

16-19 -- 

Number 
1.6 
1.2 
1.1 
1.2 
1.1 
1.2 
1.2 

Number 
1.7 
1.5 
1.8 
1.6 
1.1 
1.0 
1.0 

Miles 
159.4 
165.0 
185.0 
182.0 
164.9 
172.5 
171.4 

Miles 
118.6 
162.7 
160.3 
176.1 
178.5 
149.9 
275.0 

Years 
2.0 
7.6 
15.4 
20.5 
22.8 
24.9 
23.9 

Years 
1.9 
6.5 
12.1 
14.1 
15.7 
21.0 
28.5 

Miles 
8.300 

20,  100 

21,  500 
19,  200 
18,  500 

}  14, 100 

Miles 
10, 100 

16,  900 
19,  900 
19,400 

17,  700 

13,500 

Miles 

S,  '.II  III 

18,  852 
20.6.SI) 
19,234 
18,081 
/  14,452 
I     9, 700 

Miles 
6,700 
8,952 

10,  220 

10,  706 
8,570 

10,  100 
6,100 

Miles 
9,900 
15,300 
13. 100 
12.000 
10,  400 

}     6,800 

Years 
3.0 
3.0 

2.4 

2.5 
f        2.7 
\         4.2 

Percent 

3.1 

22.8 

27.  5 

27.0 

i       19.6 

Percent 

2.1 

18.1 

31.0 

29.4 

19.4 

Percent 

2.7 

20.7 

29.0 

28.1 

19.5 

Percent 

4.8 

20-29 

29.  6 

30-39 

40-49 

21.1 

50-59   

60-69 

17.6 

Over  70 

Total 

1.2 

1.6 

175.9 

165.8 

16.4 

11.6 

19,  200 

,   Jim 

18,  800 

9,900 

2  12.086 

2.5 

100.0 

100.0 

100.0 

100.0 

As  obtained  by  Connecticut  Motor  Vehicle  Department  questionnaire  in  1939. 

Average  annual  travel  from  highway  planning  surveys  in  17  states  was  8,870  miles  in  1936. 
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Figure  6. — Comparison  of  Average  Speed  with  Age  of 
Driver  for  Men  Who  Did  and  Men  Who  Did  Not  Own 
the  Vehicles  Being  Driven. 

increased  rapidly  from  17.6  percent  at  the  age  of  20,  to 
50  percent  at  the  age  of  22.  Above  22  years  of  age,  the 
percentage  of  owners  increased  gradually  until  at  70 
nearly  all  men  driving  cars  were  owners. 

The  average  speeds  for  men  below  25  years  of  age 
who  owned  the  cars  they  were  driving  were  slightly 
lower  than  the  average  speeds  for  men  of  the  same  age 
who  were  nonowner  drivers  (see  fig.  6) . 

The  average  annual  travel  for  owners  and  nonowners 
was  practically  the  same,  but  nonowners  drove  newer 
cars.  The  average  age  of  the  vehicles  driven  by  non- 
owners  was  2.32  years  as  compared  to  2.61  years  for 
vehicles  owned  by  the  drivers. 

Table  8  indicates  that  the  heaviest  concentration  of 
Connecticut  nonowner  drivers  was  in  the  20-29  age 
group.  Beyond  the  age  of  30  the  percentage  of  owner 
drivers  is  greater  than  nonowners.  In  the  case  of  out- 
of-State  drivers  the  percentage  of  owners  was  larger 
up  to  the  age  of  50,  after  which  nonowners  predom- 
inated. The  proportion  of  owners  among  out-of-State 
operators  reached  76.8  percent  as  compared  to  only 
69.3  percent  of  owners  among  Connecticut  motorists. 

The  number  of  women  drivers  studied  was  very 
small,  so  the  results  are  probably  influenced  by  chance 
to  such  an  extent  that  the  figures  cannot  be  relied  upon. 
However,  the  data  shown  by  table  6  indicate  that  the 
small  number  of  women  in  the  16-19  age  group  did 
not  drive  as  fast  as  women  in  the  other  groups.  There 
is  practically  no  difference  in  the  average  speeds  for 
owners,  nonowners,  single,  or  married  women.  Except 
for  the  exceedingly  small  group  above  70  years  old,  the 
percentage  of  owners  increased  as  the  age  increased. 

There;, was   no    clear-cut   relationship    between    the 
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Figure  7. — Driving   Experience   for   Drivers    of    Various 

Ages. 

number  of  occupants  and  the  age  of  the  driver.  Men 
under  20  years  of  age  and  women  under  50  had  the 
greatest  average  number  of  occupants,  but  whether 
this  is  typical  can  only  be  determined  by  further  in- 
vestigation. 

The  average  trip  length  for  young  people  was  slightly 
lower  than  for  other  groups  but  there  was  no  uniform 
trend. 

Table  8. — Distribution  of   Connecticut  and  out-of-State  men 
drivers  by  age  and  vehicle  ownership 


Age,  years 

Connecticut 

Out-of-State 

Owners 

Nonowners 

Owners 

Nonowners 

16-19 

Percent 

0.5 

18.8 

28.5 

30.6 

13.8 

6.7 

1.  1 

Percent 
9.1 
31.9 
25.2 
18.8 
10.2 
4.2 
.6 

Percent 

0.3 

14.8 

31.9 

30.6 

14.6 

6.3 

1,5 

Percent 
0 

20-29.._ 

8.2 

30-39 _._ . 

28.6 

40-49 

28.7 

50-59. 

25.0 

60-69.. 

5.9 

70  and  over 

3.6 

Total 

100.0 

LOO  0 

100.0 

100.0 

The  years  of  driving  experience  for  men  varied 
almost  directly  with  the  age  of  the  driver  up  to  about 
age  40  after  which  the  years  of  experience  ceased  to 
advance  materially  with  increased  age  (fig.  7).  Young 
women  up  to  the  age  of  25  had  approximately  the  same 
length  of  driving  experience  as  young  men,  but  beyond 
25  the  average  man  had  driven  a  car  for  more  years 
than  the  average  woman. 

The  annual  travel  for  men  less  than  20  years  old  was 
much  lower  than  for  other  age  groups.  Above  20, 
there  was  an  increase  up  to  the  30-39  age  group  and 
then  a  gradual  decline  with  an  increase  in  age.  This 
was  true  for  both  Connecticut  and  out-of-State  drivers. 
One  reason  why  the  30-39  age  group  had  the  highest 
annual  travel  is  probably  the  high  percentage  of  sales- 
men drivers  (30  percent)  included  in  the  study.  Cor- 
responding figures  for  all  Connecticut  men  as  obtained 
from  the  Connecticut  Motor  Vehicle  Department  ques- 
tionnaire in  1939  do  not  indicate  as  great  a  variation 
for  the  different  age  groups  and  the  average  annual 
travel  for  all  age  groups  was  much  lower.  There  was 
practically  no  relationship  between  the  annual  travel 
by  women  and  their  age  although  the  young  and  old 
women  drove  fewer  miles  than  women  in  the  inter- 
mediate age  groups. 
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The  average  age  of  the  vehicles  driven  by  men  in 
the  40-50  age  group  was  2.2  years,  which  is  lower  than 
for  any  other  age  group.  The  average  age  of  vehicle 
driven  by  the  youngest  drivers  was  3  years,  and  4.2 
years  for  the  drivers  over  70.  Although  the  average 
age  of  cars  driven  by  elderly  people  was  high,  table  9 
shows  that  they  nevertheless  drove  a  small  percentage 
of  the  total  number  of  old  cars  on  the  highway.  Men 
in  the  30-39  year  group  drove  27.8  percent  of  all  cars 
over  10  years  old.  None  of  the  drivers  under  20  drove 
cars  older  than  10  years. 

Table  9. — Percentage  of  cars  of  various  year  models  driven  by  men 
in  various  age  groups 


Age  of  driver,  years 

Year  model  of  car 

1922-29 

1930-31 

1932-33 

1934-35 

1936-37 

1938-39 

16-19    

Percent 

Percent 
3.5 
32.9 
25.9 
21.2 
8.3 
8.2 

Percent 
4.9 
36.6 
23.2 
19.5 
12.2 
3.6 

Percent 
3.6 
25.0 
26.2 
22.6 
17.3 
4.1 
1.2 

Percent 
3.5 
22.2 
26.2 
26.9 
13.7 
6.5 
1.0 

Percent 
2.5 

20-29 

13.9 
27.8 
19.4 
19.5 
11.1 
8.3 

18.5 

30-39 

40-49 

30.3 
32.0 

50-59--..                       

10.3 

60-69 

5.7 
.7 

Total 

100.0 

100.0 

100.0 

100.0 

100.0 

100.0 

The  data  show  that  there  were  more  middle-aged 
drivers  among  the  active  drivers  on  the  road  than 
among  the  Connecticut  driving  population  as  a  whole. 
The  younger  drivers  constituted  a  smaller  percentage 
of  the  sample  than  they  do  of  all  licensed  drivers  in 
the  State.  Samples  taken  during  the  evening  hours 
and  over  the  week  ends  would  undoubtedly  show  a 
larger  percentage  of  young  drivers  on  the  highway. 
There  was  a  larger  percentage  of  younger  persons  among 
the  Connecticut  drivers  than  among  the  out-of-State 
drivers  for  both  men  and  women,  but  the  difference 
was  slight. 

In  table  10,  drivers  are  grouped  by  length  of  driving 
experience.  For  men,  length  of  chiving  experience 
seemed  to  play  no  part  in  determining  the  speeds  at 
which  motor  vehicles  were  driven.  For  women,  the 
average  driving  speeds  increased  as  the  length  of  driv- 
ing experience  increased. 

Table  10. — Average  speed  and  age  of  drivers  classified  by  length  of 
driving  experience 


Driving  experience, 

Drivers  studied 

Speed 

Age 

years 

Men 

Women 

Men 

Women 

Men 

Women 

1-4.. 

5-9 

Number 
193 
256 
371 
423 
495 
271 
86 
30 

Number 
68 
110 
124 

79 
58 
20 

M.  p.  h. 
43.7 
44.1 
44.4 
44.1 
44.1 
43.7 
44.5 
44.2 

M.  v-  ft- 
42.0 
42.7 
42.4 
43.8 
44.3 
45  9 

Years 
24.1 
27.7 
34.4 
39.7 
45.2 
49.4 
54.  1 
58.2 

Years 
29.1 
32.0 

10-14.. 

36.3 

15-19. .- 

40.7 

20-24. 

43. 1 

25-29.. 

30-34 

35  and  over 

Total.. 

2,125 

459 

44.1 

42.9 

39.3 

36.3 

Although  there  were  no  women  with  more  than  25 
years  of  driving  experience,  a  considerable  number  of 
men  had  been  driving  25  years  or  more.  Most  women 
operators  had  been  driving  between  5  and  14  years, 
whereas  the  majority  of  men  had  been  driving  between 
15  and  24  years.  This  fact  cannot  be  accounted  for  by 
differences  in  the  average  ages  of  men  and  women 
drivers  since  the  average  age  of  women  was  less  than 
3  years  below  that  of  men. 


The  following  tabulation,  including  only  data  for 
men,  shows  that  the  mileage  driven  increased  with  an 
increase  in  experience  up  to  the  5-9  year  group.  The 
average  driver  with  5-9  years  of  experience  drove 
practically  the  same  annual  mileage  as  the  average  of 
all  drivers  studied. 

Annual 
travel, 

Driving  experience,  years:  miles 

1    7, 300 

2      9,800 

3    14,300 

4  ._      16,000 

5-9 18,  100 

Average,  all  drivers 18,  800 

TRIP  DISTANCE  FOUND  TO  AFFECT  DRIVING  SPEED 

In  table  11,  the  operators  are  grouped  according  to 
the  number  of  miles  they  had  already  traveled  when 
they  were  interviewed,  and  in  table  12  they  are  grouped 
according  to  the  number  of  miles  they  still  intended  to 
drive  that  day. 

Table  11. — Number  and  average  speed  of  drivers  that  had  already 
traveled  various  distances  on  day  of  study 


Distance  already 
traveled,  miles 

Drivers 
studied 

Speed 

Distance  already 
traveled,  miles 

Drivers 
studied 

Speed 

0-4 

Percent 
1.6 
4.8 
12.3 
9.3 
7.9 

M.p.  ft. 
38.6 
41.0 
42.1 
42.1 
41.7 

40-49 

50-99  

Percent 

6.0 

21.9 

36.2 

M.  p.  ft. 
42.7 

5-9 

44.4 

10-19 

100  and  up. .      .  . 

45.6 

20-29 

Total -. 

100.0 

30-39. 

43.9 

Table  12. — Number  and  average  speed  of  drivers  that  had  yet  to 
travel  various  distances  on  day  of  study 


Distance  yet  to 
travel,  miles 

Drivers 
studied 

Speed 

Distance  yet  to 
travel,  miles 

Drivers 
studied 

Spi'i  .1 

0-4 

Percent 
1.0 
3.6 
7.7 
9.0 
7.3 

M.  p.  ft. 
39.9 
40.0 
41.6 
42.1 
42.8 

40-49 

I;  n<  ui 
5.7 
20.8 
44.9 

M.  p.h 

42. 1 

5-9 

50-99 

100  and  up 

42.7 

10-19 

45.7 

Total 

100.0 

30-39 

43.9 

There  was  a  definite  relationship  between  average 
speed  and  trip  distance.  Drivers  who  had  traveled 
short  distances  were  driving  at  lower  speeds  than  drivers 
who  had  traveled  long  distances.  Similarly,  drivers 
who  still  had  long  distances  to  go  were  traveling  much 
faster  than  drivers  who  were  near  their  destination. 
This  could  not  be  true  had  the  total  trip  length  been  the 
same  for  all  drivers. 

A  group  of  698  operators  who  had  already  driven 
over  100  miles  and  were  going  over  100  miles  more  that 
day  had  an  average  speed  of  46.3  miles  per  hour.  An- 
other group  of  119  operators  who  had  traveled  less  than 
20  miles  and  had  less  than  20  miles  still  to  go  that  day 
had  an  average  speed  of  only  40.4  miles  per  hour.  The 
five  operators  who  had  traveled  less  than  5  miles  and 
had  less  than  5  miles  still  to  go  that  day,  had  an  average 
speed  of  only  36  miles  per  hour. 

In  table  13  operators  are  grouped  according  to  their 
total  reported  daily  mileages.  The  relationship  be- 
tween trip  distance  and  speed  holds  quite  well  for  all 
classifications  (fig.  8).  There  were  so  few  out-of-State 
drivers  in  the  first  groups  that  the  average  speed  figures 
should  be  disregarded.  A  higher  percentage  of  the 
Connecticut  men  than  women  were  going  over  100 
miles.  Nearly  all  out-of-State  drivers,  both  men  and 
women,  were  going  over  100  miles. 
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Figure  8. — Average    Speed    for    Men    Traveling    Various 
Distances  on  Day  of  Study. 

Table  13  also  indicates  that  the  sample  of  drivers  is 
heavily  overweighted  in  long  distance  groups,  which 
explains  the  high  annual  mileage  for  the  average  driver. 
Since  speed  increases  with  an  increase  in  trip  length, 
the  table  also  suggests  that  the  average  speed  of  the 
drivers  in  the  sample  was  higher  than  the  average 
speed  would  be  for  a  more  representative  sample  of  all 
drivers  in  Connecticut. 

Table  13. — Number  and  average  speed  of  drivers  traveling  various 
total  dista7ices  on  day  of  study 


Number  of  drivers 

Percentage  of  drivers 

Spe?d 

Total 

distance 

today, 

miles 

Connect- 
icut 

Out-of- 
State 

Connect- 
icut 

Out-of- 
State 

Connecticut 
drivers 

Out-of-State 
Drivers 

a 
2 

c 
o 

a 

o 

n 

a 

a 

3 

c 

a 

o 

3 

a 

CD 

a 

o 

c 

a 

a 

o 

a 

3 

a 

a 

3 

0-9 

5 
24 
47 
76 
101 
383 
543 

3 

15 
23 
30 
20 
91 
75 

0.4 
2.0 
4.0 
I'..  4 
8.6 
32.5 
46.1 

1.2 
5.8 
8.9 
11.7 
7.8 
35.4 
29.2 

M.p.h. 
39.6 
39.7 
41.4 
41.6 
41.0 
42.5 
43.7 

M.p.h. 
30.7 
41.2 
39.8 
39.2 
43.3 
42.0 
42.9 

M.p.h. 

M.p.h. 

10-19 

20-29 

30-39 

40-49 

50-99 

100  and  up. 

4 
4 

"~~3 

45 
892 

"~2 
4 

8 
188 

0.4 
.4 

.3 

4.8 

94.1 

1.0 

2.0 

1.0 

93.0 

45.  6 
43.0 

34.2 
44.9 
45.1 

41.1 
41.7 

40.2 
45.2 

Total. 

1,179 

257 

948 

202 

100.0 

100.0 

100.0 

100.0 

42.7 

41.6 

45.8 

44.8 

Table  14  shows  the  relative  number  and  average 
speed  of  vehicles  by  year  models.  Out-of-State  oper- 
ators, most  of  whom  were  driving  for  pleasure,  had 
newer  model  cars  than  Connecticut  drivers,  most  of 
whom  (especially  the  men)  reported  they  are  driving 
for  business  purposes  (fig.  9).  Thus,  82.7  percent  of 
the  out-of-State  drivers  had  cars  of  1936  model  or  later, 
as  compared  to  only  69.7  percent  of  the  Connecticut 
drivers.  The  Connecticut  women  included  in  the 
sample  drove  later  model  cars  than  the  men,  but  out-of- 
State  women  drove  about  the  same  proportion  of  the 
newer  cars  as  the  out-of-State  men. 

A  comparison  between  the  percentage  of  registered 
vehicles  in  the  year  model  group  with  the  distribution 
of  year  models  for  the  Connecticut  drivers  as  obtained 
by  the  study  indicates  that  the  newer  cars  comprised  a 
much  larger  proportion  of  the  cars  using  the  highway 
than  they  do  of  the  total  registration.  Although 
1938-39  models  are  only  14.5  percent  of  the  registered 
vehicles,  they  comprised  33.9  percent  of  the  sample. 
On  the  other  extreme,  vehicles  of  1931  model  or  older 
comprised  27  percent  of  the  registered  vehicles  but 
only  9.6  percent  of  the  total  sample. 

Operators  of  late  model  cars,  whether  they  were 
Connecticut  or  out-of-State  drivers,  traveled  at  higher 
speeds  than  motorists  in  older  vehicles.  It  is  particu- 
larly interesting  to  note  that  out-of-State  operators 
drove  both  old  and  new  cars  at  higher  speeds  than  did 
Connecticut   operators    (fig.    10),   indicating   that    the 
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Figure  9. — -Frequency  Distribution  of  Vehicle  Ages. 

Table  14. — Relative  number  and  average  speed  of  vehicles  by  year 

models 


Vehicles  driven  by- 

Ve- 
hicles 
reeis- 
tered 

in 
Con- 
necti- 
cut 

Speed 

Year  model  of 
vehicle 

Connecticut  drivers 

Out-of-State  drivers 

Con- 
necti- 
cut 
ve- 
hicles 

Out- 

of- 

Men 

Wo- 
men 

Total 

Men 

Wo- 
men 

Total 

Stlllr 

ve- 
hicles 

1922-29 

1930-31 

1932-33 

1934-35 

1936-37 

1938-39 

Per- 
cent 
3.1 
7.2 
7.0 
14.2 
34.0 
34.5 

Per- 
cent 
2.3 
3.9 
7.0 
10.9 
44.4 
31.5 

Per- 
cent 
3.0 
6.6 
7.0 
13.7 
35.8 
33.9 

Per- 
cent 
0.7 
3.5 
3.8 
9.3 
35.2 
47.5 

Per- 
cent 
0.5 
2.0 
5.0 
9.9 
36.1 
46.  5 

Per- 
cent 
0.7 
3.2 
4.0 
9.4 
35.3 
47.4 

Per- 
cent 

}  27.0 

12.8 
17.4 
28.3 

14.5 

M.p.h. 

(  38.7 
\  39.3 
39.7 
42.0 
42.9 
44.0 

M.p.h. 
41.2 
40.7 
42.2 
45.6 
45.7 
46.3 

Total.. .. 

100.0 

100.0 

100.0 

100.0 

100.0 

100.0 

100.0 

44.1 

42.9 

character  of  trip  as  well  as  the  age  of  the  vehicle  had  an 
effect  on  the  speed. 

Tables  15  and  16  show  the  number  and  average  speed 
of  vehicles  driven  by  men  according  to  the  number  of 
occupants  and  their  relationship  to  the  driver.  Lone 
drivers  traveled  at  higher  speeds  than  drivers  with 
passengers.  However,  the  difference  was  more  marked 
for  Connecticut  than  for  out-of-State  drivers. 

Table   15. — Number  and  average  speed  of  vehicles  by  the  number 
of  occupants 

[Includes  only  vehicles  driven  by  men] 


Occupants  in  addi- 
tion    to     driver, 
number 

Vehicles  studied 

Average  speed  of 
vehicles 

Connecticut 

Out-of-State 

Connect- 
icut 

Out-of- 
State 

0           

Number 

568 

358 

127 

77 

29 

13 

5 

2 

Percent 

48.2 

30.3 

10.8 

6.5 

2.5 

1.1 

.4 

.2 

Number 

220 

335 

167 

146 

52 

24 

5 

0 

Percent 

23.2 

35.3 

17.6 

15.4 

5.5 

2.5 

.5 

0 

M.  p.h. 
43.3 
42.7 
41.7 
40.9 
40.4 
44.4 
37.3 
41.1 

M.p.  h. 
46.2 

1                

45.4 

2 

45.8 

3 

45.9 

4 

46.0 

5                   

45.9 

6                   

46.3 

7 

Total 

1,179 

100.0 

949 

100.0 

42.7 

45.8 

There  was  a  decrease  in  speed  of  Connecticut  cars  as 
the  number  of  occupants  increased  to  four  (table  15). 
The  data  on  out-of-State  drivers  show  that  the  presence 
of  passengers  had  little  effect  on  speed.  It  is  interesting 
to  note  that  1.7  percent  of  the  Connecticut  vehicles 
and  3  percent  of  the  out-of-State  vehicles  had  five  or 
more  passengers  in  addition  to  the  driver. 

Connecticut  drivers  traveling  alone  or  with  occupants 
that  were  of  no  relation  traveled  a  little  faster  than  those 
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Figure  10. — Average  Speeds  of  Vehicles  of  Various  Ages. 

Table   16. — Number  and  average  speed  of  vehicles  by  relationship 
of  occupants  to  driver 

[Including  only  vehicles  driven  by  men] 


Relation  of  occupants  to  driver 

Vehicles  studied 

Average  speed  of 
vehicles 

'   mnect- 
icut 

Out-of- 
State 

Connect- 
icut 

Out-of- 
State 

No  other  occupants 

Number 

568 

241 

19 

119 

72 

10 

Number 
220 
141 

17 
194 
169 

28 

Af.  p.  ft. 
43.3 
43.  2 

42.3 
41.5 
40.  2 
36.5 

M.  p.  ft. 
46  2 

No  relation 

4ii  1 

Children ._ 

12  8 

Wife 

it  9 

Wife  and  children 

Wife,  children,  and  relatives   

16  7 

with  members  of  their  family  (table  16).  A  much 
greater  proportion  of  the  out-of-State  drivers  than 
Connecticut  drivers  were  accompanied  by  their  wives. 
Thus,  68.8  percent  of  out-of-State  men  had  their  wives 
with  them  as  compared  to  about  one-third  of  the 
Connecticut  drivers.  The  percentage  of  Connecticut 
drivers  that  had  no  passengers  was  more  than  double 
the  corresponding  figure  for  out-of-State  drivers.  The 
reason  probably  is  that  a  majority  of  Connecticut 
drivers  (60.3  percent)  were  on  business  trips  while  a 
majority  of  the  out-of-State  drivers  (64.5  percent)  were 
on  pleasure  trips.     (See  table  18.) 

VEHICLES    ENTERING    CITY    TRAVELED    FASTER    THAN    VEHICLES 
LEAVING  CITY 

A  number  of  characteristics  for  drivers  in  different 
occupational  groups  are  shown  in  table  17.  Chauffeurs 
were  the  fastest  drivers  and  truck  drivers  in  private 
cars  were  the  slowest.  The  speed  of  salesmen  was 
about  the  same  as  the  speed  of  the  average  driver. 
Their  annual  travel  was  about  one-third  higher  than 
reported  by  other  drivers.  The  average  annual 
travel  for  all  drivers  exclusive  of  salesmen  was  15,900 
miles,  whereas  the  average  annual  travel  for  all  operators, 
including  salesmen,  was  18,800  miles.  The  various 
occupational  groups  among  women  drivers  had  no 
marked  differences  in  average  speeds. 

A  separate  occupational  classification  made  of  non- 
owner  drivers  imder  30  years  of  age  showed  that  a  con- 
siderable proportion  of  the  men  were  either  students 
(23  percent)  or  salesmen  (12  percent),  and  that  the 
largest  groups  for  women  were  teachers  (28  percent) 
and  housewives  (20  percent). 

Table  18  shows  data  for  drivers  grouped  according 
to  the  purpose  of  the  trip.  Drivers  on  business  trips 
traveled  at  approximately  the  same  speed  but  shorter 
distances  than  drivers  on  pleasure  trips.  This  holds 
for  both  men  and  women,  and  out-of-State  as  well  as 


Connecticut  drivers,  although  the  difference  in  trip 
distance  was  proportionately  less  for  the  Connecticut 
than  for  the  out-of-State  drivers.  A  higher  percentage 
of  women  than  men  were  on  pleasure  trips.  The  dif- 
ference was  especially  large  for  the  Connecticut  drivers. 

Table   17. — Average   characteristics   of  passenger   car   drivers  in 
various  occupational  groups 

MEN 


Occupation 

Drivers  in- 
cluded in  study 

Speed 
trav- 
eled 

Age  of 
driver 

Driv- 
ing ex- 
peri- 
ence 

Trip 
length 

Annual 
travel 

Other 
occu- 
pants 

Chauffeurs 

Professional 

Students 

Number 
50 

310 
69 

641 
32 
30 

996 

Percent 
2  3 

14.7 
3.2 

30.1 
1.5 
1.4 

46.8 

M.p.h. 
45.  6 
45.0 
45.0 
44.3 
44.2 
41.8 
43.6 

Years 
39.2 
41.0 
20.3 
40.1 
36  0 
30  3 
39.9 

Years 
19.3 
17.  1 
3  5 
18.1 
14.0 
12.2 
16.2 

Miles 
212 
203 
195 
171 
174 
188 
167 

Miles 
23,  200 
15,  600 
8.500 
25.400 
15,  100 
41,  200 
15,400 

Number 
1.6 
1.3 
1.6 

Salesmen 

? 

Unemployed 

Truck  driver? 

Others 

1.3 

1.4 
1.4 

Total 

2,128 

100.0 

44.1 

39.3 

16.4 

176 

18, 800 

1,2 

WOMEN 


Professional 

Housewives 

Saleswomen 

Unemployed 

Students 

126 

216 

9 

5 

13 

93 

27.3 

46.8 

1.9 

1.1 

2.8 

20.1 

43.2 
42.9 
42.3 
42.3 

41.4 
43.6 

36.0 
39.4 
38.8 
24.0 
23.8 
33.4 

11.3 
12.8 
10.2 
6.0 
4.6 
10.6 

188 
155 
120 
191 
140 
167 

10,500 
9,100 
10,  400 
12,  200 
10,000 
10,700 

1.3 
1.8 
.4 
1  4 
1.7 

Others 

1  3 

Total 

41..' 

100.0 

42.9 

36.6 

11.6 

166 

9,900 

1.6 

Table 

18. — Characteristics 

of  drivers  by 

purpose  of  trip 

Drivers  included  in  s 

udy 
f-State 

Percentage  distribution  of  drivers 

Trip  purpose 

Connecticut 

Out-o 

Connecticut 

Out-of-State 

Men 

\\  (mien 

Men 

Women 

Men 

Women 

Men 

Women 

Business 

Pleasure 

Combination.. 

Number 
711 
400 
68 

A'i(  mber 
58 
186 
13 

Number 
294 
611 
43 

Number 
14 
187 
4 

Percent 
60.3 
33.9 
5.8 

Percent 

22.6 

72.4 

5.0 

Percent 
31.0 
64.5 
4.5 

Percent 

6.8 

91.2 

2.0 

Total.... 

1,179 

257 

948 

205 

100.0 

1011.  0 

100.0 

100.0 

Speed 

Trip  distance 

Trip  purpose 

Connecticut 

Out-of-State 

Connecticut 

Out-of-State 

Men 

Women 

Men 

Women 

Men 

Women 

Men 

Women 

Business _ 

Pleasure 

M.  p.  ft. 
43.1 
42.3 

M.  p.  ft. 
41.9 
41.6 

M.  p.  ft. 
46.0 
45.7 

M.  p.  h. 
44.4 
44.9 

Miles 
109 
119 

Miles 
82 

88 

Miles 
218 
268 

Miles 
231 
266 

Table  19  summarizes  the  characteristics  of  drivers  in 
a  number  of  different  group  classifications.  There 
were  no  significant  differences  between  rural  and  urban 
operators  in  any  of  the  factors  studied.  Eighty-two 
percent  of  both  the  men  and  women  were  urban 
residents. 

Foreign-born  men  drivers  had  a  slightly  lower  average 
speed  than  native-born  men  drivers.  This  may  be  due 
to  the  greater  age  or  shorter  trip  distance  for  the 
foreign-born  operators,  who  also  reported  a  lower 
annual  travel. 

There  were  almost  as  many  out-of-State  drivers  as 
there  were  Connecticut  drivers.  This  indicates  that 
the  sample  is  not  typical,  since  only  on  the  main 
through  roads  would  there  be  such  a  high  percentage 
of  out-of-State  drivers. 

The  average  speed  of  out-of-State  men  drivers  was 
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about  3  miles  per  hour  faster  than  that  of  Connecticut 
drivers.  This  greater  speed,  however,  is  probably 
attributable  to  the  much  greater  trip  distance  of  the 
out-of-State  drivers — 254  miles  as  compared  with  113 
miles  for  the  Connecticut  drivers. 

Table  19. — Characteristics    of    drivers    by    different    group 
classifications 


Classification  of 
drivers 

Drivers  included 
in  study 

Aver- 
age 
speed 

Age  of 
driver 

Years 
38.8 
36.0 

39.4 

36.8 

Driv- 
ing 
expe- 
rience 

Trip 
length 

Annual 
travel 

Other 
occu- 
pants 

Rural  residents: 
Men  

Number 
394 
83 

1,734 
379 

Percent 
15.2 
3.2 

66.9 
14.7 

M.p.h. 
43.9 
42.5 

44.1 
43.2 

Years 
16.4 
12.2 

16.5 
11.4 

Miles 
173 
155 

177 
168 

Miles 
18, 200 
9,100 

18, 900 
10,000 

Number 
1.1 

Women. 

1.7 

Urban  residents: 
Men 

1.2 

Women 

1.5 

Foreign-born  men. 
Native-born  men. . 

285 
1,843 

13.4 
86.6 

43.1 
44.2 

44.6 
38.5 

16.9 
16.4 

163 

178 

16, 200 
19, 100 

1.3 
1.2 

Connecticut: 
Men 

1,179 
257 

949 
205 

45.5 
10.0 

36.6 
7.9 

42.7 
41.6 

45.8 
44.8 

38.9 
36.0 

39.7 
37.4 

16.1 
10.7 

16.8 
12.6 

113 
88 

254 
264 

19, 200 
9,300 

18, 200 
10, 600 

.9 

Women 

1.4 

Out-of-State: 
Men 

1.5 

Women 

1.7 

The  difference  in  trip  distance  between  Connecticut 
women  and  out-of-State  women  was  even  greater — 264 
miles  for  the  out-of-State  women  as  against  88  miles  for 
Connecticut  women.  From  these  data  it  appears  that 
the  chief  reason  why  out-of-State  drivers  traveled 
faster  is  that  they  were  going  farther. 

In  table  20  drivers  are  grouped  according  to  the  States 
in  which  their  cars  were  registered.  The  average  speed 
ranged  from  46  miles  per  hour  for  Pennsylvania  and 
New  York  drivers,  to  about  42  miles  per  hour  for 
Maryland  and  Illinois  drivers.  Although  Illinois  and 
Michigan  are  much  farther  away  from  Connecticut 
than  the  other  States  represented,  their  drivers  did  not 
travel  as  fast  as  drivers  from  other  States.  Since  the 
number  of  Michigan,  Illinois,  and  Maryland  drivers 
included  in  the  sample  was  small,  the  particular  char- 
acter of  the  drivers  involved  ma37  have  much  more  to 
do  with  the  average  speeds  than  their  place  of  residence. 


Table  20.- 


- Average  speed  and  trip  distance  for  drivers  from  various 
States 


Statu 


Pennsylvania.. 

New  York 

Massachusetts 
New  Jersey  .. 

Maine .... 

Connecticut... 

Michigan 

Illinois 

Maryland 


Drivers 

Speed 

studied 

traveled 

Number 

M.  p.  h. 

67 

46.2 

276 

46.1 

316 

45.9 

111 

45.4 

16 

45.2 

1,179 

42.7 

11 

42.6 

17 

42.0 

12 

41.6 

Trip 

length  on 

day  of 

study 


Miles 


292 
248 
234 
269 
288 
L13 
271 
287 
320 


A  direct  comparison  was  made  between  the  speed  of 
traffic  traveling  toward  and  away  from  Hartford,  Conn., 
at  a  location  a  few  miles  from  the  city  (at  stations  1,  2, 
3,  and  6).  At  stations  1  and  3  the  speed  of  traffic  going 
away  from  the  city  (out-bound)  was  obtained,  while  at 
stations  2  and  6,  the  speed  of  traffic  going  toward  the 
city  (in-bound)  was  obtained.  Table  21  shows  that 
in-bound  traffic  consistently  traveled  from  2  to  4  miles 
per  hour  faster  than  out-bound  traffic,  regardless  of 
whether  the  drivers  were  men  or  women,  or  from 
Connecticut  or  some  other  State.     Speed  studies  made 


at  the  outskirts  of  Austin,  Tex.,1  and  recent  studies 
conducted  by  the  Public  Roads  Administration  in  a 
number  of  States  also  show  the  same  tendency  for 
in-bound  traffic  to  travel  faster  than  out-bound  traffic. 

Table  21. — Comparison  of  speeds  for   out-bound   and   in-bound 

traffic 


Drivers  included  in  study 

Average  speed 

Direction  of 
traffic 

Connecticut 

Out-of-State 

Connecticut 
drivers 

Out-of-State 
drivers 

Men 

Women 

Men 

Women 

Men 

Women 

Men 

Women 

Out-bound 

In-bound 

Number 
236 
344 

Number 
60 

78 

Number 
118 
212 

Number 
20 
46 

M.  p.  h. 
41.2 
44.6 

M.p.h. 
39.5 
43  7 

M.  p.  h. 
43.7 
46.4 

M .  p.  A. 
41.3 
44.1 

The  factor  of  trip  distance  does  not  account  for  the 
higher  speed  of  in-bound  drivers.  According  to  table 
22  the  proportion  of  Connecticut  drivers  on  long  trips 
is  slightly  higher  for  the  in-bound  drivers  than  for  the 
out-bound  drivers,  but  there  is  no  significant  difference 
among  the  out-of-state  drivers.  Table  23  shows  that 
very  few  of  the  in -bound  drivers  had  Hartford  for  their 
destination  since  all  sections  of  Hartford  fell  within  the 
0-9  mile  range. 

Table   22. — Distribution  of  in-bound  and  out-bound  drivers   by 
total  trip  distance  on  day  of  study 


Out-bound  drivers 

In-bound  drivers 

Total  trip  distance,  miles 

Connec- 
ticut 

Out-of- 
state 

Connec- 
ticut 

Out-of- 
state 

0-9 

10-49 

Percent 

0 

30.2 

34.5 

28.5 

4.4 

2.4 

Percent 
0 

2.9 

2.9 

30.4 

37.7 

26.1 

Percent 
0 

21.1 

36.0 

30.3 

9.8 

2.8 

Percent 
0 
1.9 

50-99.. 

100-199 --. 

6.6 
29.1 

200-299 

30.6 

300  or  more  ...              

31.8 

Total. 

100.0 

100.0 

100.0 

100.0 

Table   23. — Distribution  of  in-bound  and  out-bound  drivers  by 
remaining  distance  to  go  on  day  of  study 


Out-bound  drivers 

In-bound  drivers 

Remaining  distance,  miles 

Connec- 
ticut 

Out-of- 
state 

Connec- 
ticut 

Out-of- 
state 

0-9 

Percent 

9.3 

45.8 

28.0 

16.9 

Percent 

1.7 

6.8 

25.4 

66.1 

Percent 

4.9 

41.0 

29.7 

24.4 

Percent 
1.4 

10-49  ..              

12.7 

50-99... 

13.7 

100  or  more.. 

72.2 

Total 

100.0 

100.0 

100.0 

100.0 

The  simplest  explanation  of  the  differences  in  speed 
of  in-bound  and  out-bound  traffic  seems  to  be  that  after 
traveling  at  higher  speeds  in  the  open  country,  drivers 
lose  their  sense  of  speed  and,  therefore,  do  not  slow 
down  when  they  approach  a  city  until  congested  traffic 
actually  impedes  their  progress.  Drivers  leaving  a 
city  en  route  and  city  drivers  starting  a  trip  are  still 
"speed  conscious"  and  increase  their  pace  gradually 
until  they  are  well  away  from  the  congestion  of  the  city. 
It  seems  that  having  attained  a  high  speed,  drivers  tend 
to  continue  at  the  same  rate  until  they  are  compelled 

i  Motor  Vehicle  Speeds  on  U.  S.  Highway  81  between  Austin  and  San  Marcos,  Tei. 
The  Information  Exchange,  May  15,  1939,  No.  69,  Texas  Highway  Department 
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to  slow  down,  whereas  after  being  restrained  by  a 
city  speed  limit,  they  build  up  their  speed  very 
gradually,  even  after  getting  out  of  the  city  traffic. 
Undoubtedly,  the  effect  of  proximity  to  a  city  on 
driving  speed  is  modified  by  the  size  of  the  city  and 
amount  of  traffic  congestion  in  the  city.  Future  in- 
vestigations should  attempt  to  throw  more  light  on 
these  points. 

HIGH-SPEED  DRIVERS  HAD  MORE  ACCIDENTS  AND  TRAFFIC  VIOLA- 
TIONS  THAN  MODERATE-SPEED  DRIVERS 

The  accident  and  traffic  violation  records  of  813 
Connecticut  drivers,  216  New  York  drivers,  and  95 
New  Jersey  drivers  were  obtained  from  the  Connecticut, 
New  York,  and  New  Jersey  motor  vehicle  departments. 
Since  the  names  of  the  drivers  were  not  obtained  at  the 
time  the  questionnaires  were  filled  out,  only  the  opera- 
tors owning  the  cars  they  were  driving  could  be  iden- 
tified from  the  registration  numbers. 

To  study  the  relation  between  the  operators'  open 
road  speed  and  their  driving  records,  two  groups  were 
made.  The  high-speed  group  includes  all  operators 
traveling  over  the  maximum  permitted  speed  of  50  miles 
per  hour  on  Connecticut  highways.  The  moderate- 
speed  group  includes  all  operators  who  were  traveling 
from  35  to  45  miles  per  hour. 

Table  24  shows  the  number  of  operators  involved  in 
accidents,  traffic  violations,  and  speed  violations,  and 
the  relative  proportion  of  accidents  and  violations  in- 
curred by  high-speed  versus  moderate-speed  motorists. 
The  reason  that  Connecticut  operators  had  high  acci- 
dent records  is  that  Connecticut  accident  records  extend 
farther  back  than  those  of  the  other  two  States.  In 
New  York  only  fatal  and  personal  injury  accidents  are 
legally  reportable,  while  in  Connecticut  and  New 
Jersey  property  damage  accidents  in  excess  of  $25  must 
also  be  reported.  This  explains  why  New  York 
residents  had  lower  accident  records  than  those  of  the 
other  two  States. 

Table  24. — Traffic  accidents,  traffic  violations,  and  speed  violations 
for  high-  and  intermediate-speed  drivers  (includes  only  drivers 
who  owned  the  cars  they  were  operating) 

CONNECTICUT  MEN 


Drivers 
included 

in  study 

Percentage  of  drivers 
studied  having— 

Traffic 
acci- 
dents 
per  100 
drivers 

Traffic 
viola- 
tions 
per  100 
drivers 

Speed 
viola- 
tions 
per  100 
drivers 

Speed  group, 
miles  per  hour 

Acci- 
dent 
record 

Traffic 
viola- 
tion 
record 

Speed 
viola- 
tion 
r.  cord 

35-15 

Over  50 

Number 

372 

82 

Percent 
39.8 
56.1 

Percent 
24.5 
40.2 

Percent 
5.1 
20.7 

Number 
86.8 
137.8 

Number 
39.5 
86.6 

Number 

6.2 

31.7 

NEW  YORK  MEN 

35-15 

Over  50 

73 
38 

5.5 
13.2 

8.2 
15.8 

5.5 
7.9 

8.2 
15.8 

12.3 
15.8 

8.2 
7  9 

NEW  JERSEY  MEN 

35-45. 

Over  50  .. 

30 
18 

16.7 
33.3 

23.3 

27.8 

10.0 
16.7 

36.7 
72.2 

30.0 

44.4 

13.3 

1C  7 

The  table  reveals  some  interesting  facts  concerning 
the  accident  records  of  Connecticut  drivers.  A  greater 
percentage  of  the  drivers  traveling  at  speeds  above  50 
miles  per  hour  had  been  involved  in  accidents  and,  on 
an  average,  they  had  58.7  percent  more  accidents  per 
driver  than  drivers  whose  speeds  were  moderate  (fig.  11). 
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Figure  11. — Comparison  of  Number  of  Speed  Violations, 
Traffic  Violations,  and  Traffic  Accidents  for  Moderate 
and  High-Speed  Connecticut  Drivers  Included  in  Study. 

Similar  results  are  shown  for  drivers  with  New  York 
and  New  Jersey  registrations.  The  number  of  records 
available  were  few  but,  with  this  reservation,  it  may  be 
pointed  out  that  the  difference  in  accident  records  for 
fast  and  moderate-speed  drivers  was  even  greater  than 
was  the  case  with  Connecticut  drivers.  The  percentage 
of  the  New  York  drivers  going  over  50  miles  per  hour 
having  accident  records  was  almost  2}£  times  as  great 
as  for  the  moderate-speed  drivers,  while  the  percentage 
for  the  New  Jersey  high-speed  drivers  was  twice  as 
great  as  for  the  moderate-speed  drivers.  In  both  cases 
the  accidents  per  driver  were  nearly  twice  as  high  for 
the  high-speed  as  for  the  moderate-speed  drivers. 

The  data  in  table  24  include  speed  violations  as  well 
as  all  other  types  of  traffic  violations.  In  Connecticut 
the  high-speed  group  accounted  for  more  than  twice  as 
many  violations  per  driver  as  the  moderate-speed 
group.  Less  marked  differences  appeared  for  New 
York  and  New  Jersey  operators. 

The  high-speed  group  in  Connecticut  had  four  times 
as  high  a  percentage  of  speed  violators  as  the  moderate- 
speed  group.  On  an  average,  each  high-speed  driver 
participated  in  five  times  as  many  speed  violations  as 
each  driver  in  the  moderate-speed  group.  Similar  but 
less  marked  differences  are  noted  for  New  York  and 
New  Jersey  operators. 

A  comparison  of  the  accident  records  of  high-  and 
moderate-speed  Connecticut  women  drivers  showed 
that  23  percent  of  the  high-speed  group  had  at  least 
one  traffic  accident  as  against  20  percent  for  the 
moderate-speed  group.  The  high-speed  group  averaged 
46.2  accidents  per  hundred  drivers  as  against  27.2  for 
the  low-speed  group.  By  comparing  these  figures  with 
those  for  the  men  (table' 24),  it  may  be  seen  that  both 
groups  of  women  drivers  averaged  only  one-third  as 
many  accidents  per  driver  as  the  men.  One  reason  for 
this  large  difference  is  that  the  average  woman  has  not 
been  exposed  to  traffic  accidents  as  much  as  the  average 
man,  since  her  present  annual  travel  is  only  about  half 
as  great  and  her  total  travel  during  the  years   that 
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accident  records  were  available  was  probably  less  than 
half  tbe  total  travel  of  the  average  man. 

A  comparison  of  the  average  speeds  of  owners  and 
nonowners  of  different  ages  (table  6)  shows  that  young 
nonowners  traveled  faster  than  owners  and  that  a  great 
majority  of  young  operators  did  not  own  the  cars  they 
were  driving.  These  findings  are  especially  significant 
in  view  of  the  fact  that  young  people  have  a  very  high 
accident  rate. 

Not  only  did  young  people  have  more  accidents  than 
older  people  in  proportion  to  the  number  driving  but, 
according  to  the  following  tabulation,  nonowners  also 
had  more  than  their  share  of  accidents.  Significant 
data  pertaining  to  nonowner  drivers  are  contained  in 
the  following  tabulation: 

Peicent- 

nge  of 
'  drivers 

that  were 
nonowners 

Fatal  accidents  in  Connecticut  (1927-36) . 51.  '■'•■ 

All  accidents  in  Connecticut,  (1927-36) 43.  5 

Drivers  licensed  in  Connecticut  (1927-36) '  10.  9 

Drivers  in  speed  study  (1939) 31.  2 

i  Estimated. 

NONOWNERS,  SINGLE  MEN,  AND  DRIVERS  OF  NEW  CARS  PREDOM- 
INATE HIGH-ACCIDENT  GROUP 

Nonowner  drivers  were  involved  in  over  half  of  the 
fatal  accidents  in  Connecticut  between  1927  and  1936 
and  in  nearly  half  of  all  the  accident  reported.  The 
proportion  of  owner  and  nonowner  drivers  in  the  Con- 
necticut driving  population  has  not  been  determined,  so 
an  estimate  of  the  percentage  of  nonowners  was  based 
on  the  total  number  of  licensed  drivers  and  registered 
vehicles.  Over  the  10-year  period,  Connecticut  had 
89.1  percent  as  many  registered  cars  as  licensed  drivers. 
If  this  figure  represents  the  percentage  of  owners,  non- 
owners  had  a  much  larger  percentage  of  the  accidents 
than  they  should  have  had  in  proportion  to  their 
number.  The  percentage  of  nonowners  as  obtained  by 
this  speed  study  is  not  so  far  from  the  figure  for  the 
percentage  of  accidents  involving  nonowners.  Thus, 
there  is  an  indication  that  nonowners  have  a  higher 
accident  rate  than  owners. 

If  these  findings  about  vehicle  ownership  are  verified 
for  larger  samples  of  the  driving  population,  they  will 
be  useful  in  attempts  to  reduce  the  accident  rate". 

Of  the  Connecticut  drivers  included  in  this  study 
there  were  64  foreign-born  men  and  325  native-born 
men  whose  accident  records  were  available.  Fifty  of 
the  foreign-born  men  and  259  of  the  native-born  men 
had  been  involved  in  accidents.  The  drivers  with 
accidents  constituted  practically  the  same  percentage 
of  each  group.  However,  the  accident  rate  per  mile 
driven  was  slightly  higher  for  the  foreign-born  men, 
since  their  annual  travel  was  only  84.8  percent  of  the 
annual  travel  for  native-born  men  (table  19). 

Practically  the  same  percentage  of  single  men  as 
married  men  had  been  involved  in  traffic  accidents. 
On  the  basis  of  mileage  traveled,  the  accident  rate  was 
10  percent  lower  for  the  married  men. 

Table  25  shows  that  the  percentage  of  Connecticut 
registered  vehicles  involved  in  accidents  during  the  first 
6  mouths  of  1939  was  higher  for  new  cars  than  for  old 
cars.  The  new  cars  were  involved  in  more  accidents, 
were  driven  farther  and  at  higher  speeds,  than  were 
the  older  cars.  Although  many  other  factors  are  in- 
volved, the  lower  speed  at  which  older  cars  are  driven 
is  probably  a  very  significant  factor  in  explaining  the 
lower  accident  rate. 


Table  25. — Percentage  of  registered  vehicles  involved  in  accidents, 
average  speed,  and  average  annual  travel  for  vehicles  of  different 
year  models 


Model  of  vehicle 

Connecticut 
registered 
vehicles  in- 
volved in 
accidents  ' 

Speed  2 

Approximate 
annual 
travel 3 

1 929  and  older - 

Percent 

1.3 
1.3 
2.0 
2.5 
3.3 
3.2 

M.  p.  ft. 
38.7 
39.3 
39.7 
42.0 
42.9 
41.0 

Miles 

12,  400 

1930-31-- 

14.600 

1932-33 .- 

15,  000 

1934-35 

17,  500 

1936-37 

18,  500 

1938-39 

22,  600 

1  From  Connecticut  Motor  Vehicle  Department  report  Cars  of  Yesteryears.  The 
figures  on  registered  vehicles  used  in  obtaining  these  percentages  include  transfers  of 
registrations.  Since  a  higher  proportion  of  older  automobiles  are  transferred  than 
newer  ones,  the  number  of  older  model  cars  is  higher  than  it  should  be.  A  careful 
check  of  the  actual  number  of  vehicles  in  use  during  a  particular  year  will  probably 
reveal  that  old-model  vehicles  show  a  higher  accident  rate  than  is  indicated  here. 

''  From  table  14.    Data  for  Connecticut  men  and  women. 

3  Data  only  for  Connecticut  men  who  own  cars. 

There  are  a  number  of  variables  not  covered  by  this 
study  that  may  influence  the  speed  of  traffic.  Since 
this  investigation  was  conducted  for  the  specific  pur- 
pose of  studying  the  effect  on  speed  of  factors  relating 
to  the  driver,  all  other  variables  were  eliminated,  to 
as  large  an  extent  as  possible,  by  the  selection  of 
locations  and  hours  of  study.  Some  of  the  other 
variables  are: 

1.  Type,  condition,  and  width  of  road  surface. 

2.  Sight  distance  and  highway  alinement. 

3.  Type  and  density  of  traffic. 

4.  Diurnal,  weekly,  and  seasonal  changes. 

5.  Weather  and  temperature. 

6.  Speed  regulations. 

7.  Regional  differences. 

Data  necessary  for  a  complete  study  of  the  effect  of 
most  of  these  variables  are  being  obtained  in  connec- 
tion with  extensive  highway-capacity  and  passing- 
practice  studies  being  conducted  by  the  Public  Roads 
Administration.  However,  to  obtain  a  complete  picture 
of  the  characteristics  of  each  group  of  drivers,  it  is 
essential  that  future  speed  studies  of  this  nature  include 
locations  where  driving  conditions  are  not  ideal.  One 
particular  group  of  drivers  may  travel  at  moderate 
speeds  under  ideal  conditions  but  fail  to  exercise  the 
same  relative  degree  of  caution  under  less  favorable 
circumstances. 

SUMMARY 

The  findings  of  this  investigation  are  necessarily 
qualified  by  the  conditions  of  this  survey  and  must  be 
considered  as  specifically  pertinent  only  to  drivers 
represented  by  the  sample  obtained.     They  are: 

1.  Out-of-state  motorists  drove  newer  cars,  carried 
more  passengers,  and  traveled  faster  than  Connecticut 
drivers. 

2.  Young  persons  drove  faster  than  older  persons. 

3.  Nonowners,  especially  the  younger  persons,  drove 
slightly  faster  than  owners. 

4.  Women  drove  nearly  as  fast  as  men. 

5.  Drivers  on  long  trips  traveled  faster  than  drivers 
on  short  trips. 

6.  Lone  drivers  and  drivers  with  passengers  to  whom 
they  were  not  related  drove  faster  than  drivers  with 
passengers  related  to  them. 

7.  Newer  vehicles  were  driven  faster  than  older 
vehicles. 

8.  Drivers  who  traveled  faster  than  50  miles  per 
hour   had    been   involved   in    more    accidents,    traffic 
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violations,  and  speeding  violations  than  drivers  who 
traveled  between  35  and  45  miles  per  hour. 

Other  points  which  the  study  indicates  for  this  sam- 
ple of  drivers  are: 

1.  Men  drove  nearly  twice  as  far  each  year,  were 
not  accompanied  by  as  many  passengers,  and  had  been 
involved  in  more  accidents  than  women. 

2.  Women  drivers  under  25  years  of  age  had  had  as 
many  years  driving  experience  as  men  of  the  same  age, 
but  older  women  had  had  considerably  less  driving  ex- 
perience than  men  of  the  same  age. 

3.  Newer  vehicles  were  driven  more  miles  each  year 
and  were  involved  in  more  accidents  than  older  cars. 


4.  Drivers  between  40  and  50  years  of  age  owned  a 
relatively  large  proportion  of  the  new  cars  and  had  as 
many  years  of  chiving  experience  as  men  in  the  older 
age  brackets. 

5.  Men  between  30  and  50  years  of  age  traveled 
more  miles  each  year  than  either  younger  or  older 
drivers. 

6.  The  annual  travel  for  the  men  with  less  than  2 
years  of  driving  experience  was  relatively  low,  but  in- 
creased progressively  up  to  5  years  of  experience. 

7.  The  majority  of  older  drivers  operated  old  cars. 

8.  Vehicles  approaching  a  city  traveled  faster  than 
vehicles  that  had  recently  left  a  city. 


COMPILATION  OF  HIGHWAY  RESEARCH  ACTIVITIES  AVAILABLE 


The  Highway  Research  Board  has  announced  the 
publication  of  a  compilation  of  the  highway  research 
activities  of  some  85  organizations,  which  include 
Federal  Government  agencies,  State  Highway  Depart- 
ments, colleges  and  universities,  commercial  labora- 
tories, and  trade  associations.  Entitled  "Highway  Re- 
search, 1920-1940,"  its  preparation  was  a  joint  under- 
taking by  the  Committee  on  Research  Activities  of 
the  American  Association  of  State  Highway  Officials. 
F.  V.  Reagel,  Chairman,  and  the  Highway  Research 
Board,  R.  W.  Crum,  Director. 

The  book  contains  sections  on  Highway  Planning 


Survey,  Economics  and  Finance,  Design,  Materials, 
Construction,  Maintenance,  Traffic,  and  Soils  Investi- 
gations. Each  section  is  further  subdivided  to  classify 
the  material  in  convenient  form  for  reference.  There- 
are  approximately  1,500  titles  of  research  projects, 
together  with  the  name  of  the  agency  reporting  the 
investigation,  a  brief  statement  of  the  scope  of  the  work, 
and  its  present  status. 

The  book,  paper-bound,  is  priced  at  $1.00  per  copy 
and  may  be  purchased  from  the  Highway  Research 
Board,  2101  Constitution  Avenue,  N.  W.,  Washington, 
D.  C. 
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PUBLICATIONS  of  the  PUBLIC  ROADS  ADMINISTRATION 


Any  of  the  following  publications  may  be  purchased  frcm 
the  Superintendent  of  Documents,  Government  Printing  Office, 
Washington,  D.  C.  As  his  office  is  not  connected  with  the 
Agency  and  as  the  Agency  does  not  sell  publications,  please 
send  no  remittance  to  the  Federal  Works  Agency. 

ANNUAL  REPORTS 

Report   of   the  Chief  of   the    Bureau   of   Public   Roads,    1931. 
10  cents. 

Report   of   the   Chief   of   the   Bureau   of   Public   Roads,    1933. 
5  cents. 

Report  of  the   Chief   of   the   Bureau   of   Public   Reads,    1934. 
10  cents. 

Report   of   the   Chief  of   the   Bureau   of   Public   Roads,    1935. 
5  cents. 

Report   of   the  Chief  of  the   Bureau   of   Public   Reads,    1936. 
10  cents. 

Report   of   the  Chief   of   the   Bureau   of   Public   Roads,    1937. 
10  cents. 

Report   of  the   Chief  of  the  Bureau   of   Public   Roads,    1938. 
10  cents. 

Report   of   the   Chief  of   the  Bureau   of    Public   Roads,    1939. 
10  cents. 

HOUSE  DOCUMENT  NO.  462 

Part  1  .  .  .  Nonuniformity  of  State  Motor-Vehicle  Traffic 
Laws.     15  cents. 

Part  2  .  .  .  Skilled  Investigation  at  the  Scene  of  the  Acci- 
dent Needed  to  Develop  Causes.     10  cents. 

Part  3  .  .  .  Inadequacy  of  State  Motor-Vehicle  Accident 
Reporting.     10  cents. 

Part  4   ,    .    .   Official  Inspection  of  Vehicles.     10  cents. 

Part  5  .  .  .  Case  Histories  of  Fatal  Highway  Accidents. 
10  cents. 

Part  6   .    .    .   The  Accident-Prone  Driver.     10  cents. 

MISCELLANEOUS  PUBLICATIONS 

No.  76MP   .    .   The  Results  of  Physical  Tests  of  Road-Building 

Rock.     25  cents. 
No.  191  MP.    .   Roadside  Improvement.     10  cents. 
No.  272MP.    .    Construction  of  Private  Driveways.     10  cents. 
No.  279MP.    .    Bibliography  on  Highway  Lighting.     5  cents. 
Highway  Accidents.     10  cents. 
The  Taxation  of  Motor  Vehicles  in  1932.     35  cents. 
Guides  to  Traffic  Safety.     10  cents. 

An  Economic  and  Statistical  Analysis  of  Highway-Construction 
Expenditures.     15  cents. 

Highway  Bond  Calculations.     10  cents. 
Transition  Curves  for  Highways.     60  cents. 
Highways  of  History.     25  cents. 


DEPARTMENT  BULLETINS 

No.  1279D   .        Rural  Highway  Mileage,  Income,  and  Expendi- 
tures, 1921  and  1922.     15  cents. 
No.  1486D   .    .    Highway  Bridge  Location.     15  cents. 

TECHNICAL  BULLETINS 

No.  55T   .    .    .    Highway  Bridge  Surveys.     20  cents. 
No.  265T.    .    .    Electrical     Equipment    on    Movable    Bridges. 
35  cents. 


Single  copies  of  the  following  publications  may  be  obtained 
from  the  Public  Roads  Administration  upon  request.  They  can- 
not be  purchased  frcm  the  Superintendent  of  Documents. 

MISCELLANEOUS  PUBLICATIONS 

No.  296MP.    .    Bibliography  on  Highway  Safety. 

House  Document  No.  272   .    .    .    Toll  Roads  and  Free  Roads. 

Indexes  to  PUBLIC  ROADS,  volumes  6-8  and  10-19,  inclusive. 

SEPARATE  REPRINT  FROM  THE  YEARBOOK 

No.  1036Y   .    .    Road  Work  on  Farm   Outlets  Needs  Skill  and 
Right  Equipment. 

TRANSPORTATION  SURVEY  REPORTS 

Report  of  a  Survey  of  Transportation  on  the  State  Highway 

System  of  Ohio  (1927). 
Report  of  a  Survey  of  Transportation  on  the  State  Highways 

of  Vermont  (1927). 
Report  of  a  Survey  of  Transportation  on  the  State  Highways 

of  New  Hampshire  (1927). 
Report  of  a  Plan  of  Highway   Improvement  in  the  Regional 

Area  of  Cleveland,  Ohio  (1928). 
Report  of  a  Survey  of  Transportation  on  the  State  Highways 

of  Pennsylvania  (1928). 
Report  of  a   Survey  of  Traffic  on   the   Federal-Aid   Highway 

Systems  of  Eleven  Western  States  (1930). 

UNIFORM  VEHICLE  CODE 

Act  I. — Uniform  Motor  Vehicle  Administration,  Registration, 
Certificate  of  Title,  and  Antitheft  Act. 

Act  II. — Uniform  Motor  Vehicle  Operators'  and  Chauffeurs' 
License  Act. 

Act  III. — Uniform  Motor  Vehicle  Civil  Liability  Act. 

Act  IV. — Uniform  Motor  Vehicle  Safety  Responsibility  Act. 

Act     V. — Uniform  Act  Regulating  Traffic  on  Highways. 

Model  Traffic  Ordinances. 


A  complete  list  of  the  publications  of  the  Public  Roads  Ad- 
ministration, classified  according  to  subject  and  including  the 
more  important  articles  in  PUBLIC  ROADS,  may  be  obtained 
upon  request  addressed  to  Public  Roads  Administration,  Willard 
B'dg.,  Washington,  D.  C. 
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MARGINAL  LAND  ACQUISITION  FOR 

HIGHWAYS 

A  DISCUSSION  OF  THE  PROBLEMS  INVOLVED  IN  THE  ACQUISITION  OF  EXCESS  LAND 

INCIDENTAL  TO  HIGHWAY  DEVELOPMENT 

BY  THE  DIVISION  OF  CONTROL,  PUBLIC  ROADS  ADMINISTRATION 


Reported  by  H.  R.  BRIGGS,  Field  Investigator  and  Statistician 


INCREASING  INTEREST  has  been  directed  in 
recent  years  to  the  problem  of  providing  adequate 

rights-of-way  for  streets  and  highways.  The  con- 
struction of  express  highways  and  freeways  to  serve 
expeditiously  large  volumes  of  motor-vehicle  traffic  has 
become  a  serious  problem  in  many  of  the  more  densely 
populated  areas  of  the  United  States.  The  widening  of 
existing  routes  as  well  as  the  adequate  development  of 
new  routes  is  frequently  delayed  by  the  excessive  costs 
of  land  acquisition,  particularly  in  highly  developed 
areas. 

In  early  highway  development  the  cost  of  rights-of- 
way  was  usually  only  a  small  percentage  of  the  total 
expenditure  and  land  acquisition  was  not  a  serious 
problem.  This  was  particularly  true  in  the  develop- 
ment of  the  rural  road  system  in  some  parts  of  the 
country  where  rights-of-way  along  section  lines  had 
been  established  by  statute  or  acquired  without  cost 
through  long  uninterrupted  public  use.  Today  the 
development  of  main  routes  in  rural  areas  frequently 
necessitates  widened  rights-of-way  or  the  acquisition  of 
broad,  new  rights-of-way.  The  improvement  of  high- 
way connections  in  urban  areas  can  frequently  be 
accomplished  only  by  widening  existing  streets  or 
cutting  new  streets  through  highly  improved  areas. 
Since  the  right-of-way  cost  sometimes  represents  a  high 
percentage  of  the  total  cost  of  the  improvement,  it 
becomes  an  increasingly  important  obstacle  delaying 
modernization  of  streets  and  highways. 

The  modern  highway  is  no  longer  merely  a  "strip  of 
land  bounded  by  approximately  parallel  boundaries  for 
the  purpose  of  direct  travel"  (i).1  Heavily  traveled 
main  highways  should  have  neutral  strips  separating  the 
lanes  for  traffic  in  one  direction  from  the  lanes  for 
traffic  in  the  opposite  direction.  Supplementing  these 
lanes  for  through  traffic,  one-way  local-service  roads 
may  be  provided  on  either  side  of  the  arterial  lanes  and 
separated  from  them  by  neutral  strips.  Within  the 
right-of-way  limits,  provision  may  also  be  made  for 
sidewalks  and  bicycle  or  bridle  paths,  in  addition  to 
public  service  facilities  such  as  water  mains,  sewers,  gas 
mains,  and  electric  and  telephone  wires. 

An  important  part  of  the  right-of-way  problem  is  the 
acquisition  or  control  of  land  outside  the  immediate 
boundaries  of  a  given  improvement.  Such  acquisition  is 
generally  desirable  from  the  standpoints  of  appearance, 
safety,  economy,  and  the  general  public  welfare.  The 
taking  of  additional  land  may  also  facilitate  the  future 
development  of  a  highway,  particularly  where  widening 
may  become  necessary  because  of  increased  traffic.  It 
has  also  been  suggested  that  since  increased  property 
values  often  accompany  a  public  improvement,  meas- 
ures should  be  taken  to  conserve  this  unearned  incre- 
ment to  the  public  so  as  to  defray  in  part  the  cost  of  the 

1  Italic  figures  in  parentheses  refer  to  bibliography,  p.  117. 
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improvement.  The  conservation  of  these  increased 
values  may  be  accomplished  through  acquisition  of 
excess  land  at  the  time  of  the  improvement  with  sub- 
sequent resale  after  its  completion.  The  acquisition 
of  these  excess  lands  either  for  marginal  control  or 
recoupment  is  commonly  referred  to  as  ''excess 
condemnation." 

The  individual  elements  of  "excess  condemnation," 
namely,  the  necessity  of  marginal  land  2  acquisition  for 
adequate  highway  development,  the  varying  possibili- 
ties and  inherent  limitations  of  recoupment  acquisition, 
the  increment  tax  and  special  assessments,  and  the 
analysis  of  increment  and  its  relation  to  recoupment, 
have  been  made  the  subject  of  the  present  study.  This 
report,  which  summarizes  experience  to  date  with 
various  land-taking  procedures  in  the  United  States 
and  elsewhere,  and  discusses  the  limitations  and  possi- 
bilities of  these  elements  in  regard  to  present  highway 
development  and  to  adequate  provision  for  present  and 
future  traffic  needs,  has  been  prepared  at  Madison,  Wis., 
under  a  cooperative  agreement  between  the  University 
of  Wisconsin  and  the  Public  Roads  Administration.3 

MARGINAL  LAND   ACQUISITION   IS   BEST  SOLUTION   OF   REMNANT 
PROBLEM 

Although  the  term  "excess  condemnation"  might  be 
construed  to  indicate  that  unnecessary  or  surplus  land 
was  acquired,  usually  only  such  land  is  taken  as  is 
necessary  to  make  the  improvement  effective,  or  in 
some  instances  to  avoid  payment  of  high  consequential 
damages.  In  addition,  control  of  the  development  of 
land  outside  the  physical  limits  of  the  highway  is  often 
essential  if  the  maximum  usefulness  of  the  improvement 
is  to  be  realized.  Therefore,  all  land  acquired  outside 
such  limits  is  not  necessarily  "excess"  land.  Rather 
than  "excess  condemnation,"  which  has  been  loosely 
applied  to  the  acquisition  of  land  outside  the  boundaries 
of  a  street  or  park  development,  two  terms  may  be  used 
which  convey  a  more  nearly  correct  meaning.  These 
are  "marginal  acquisition"  and  "recoupment  acqui- 
sition." 

Marginal  acquisition  is  defined  as  the  acquisition  of 
land  outside  the  boundaries  of  an  improvement  not 
directly  required  for  its  physical  location  but  having  a 
definite  utility  in  connection  with  such  improvement. 

Recoupment  acquisition  is  defined  as  the  acquisition 
of  land  outside  the  boundaries  of  an  improvement 
acquired  for  the  purpose  of  resale  so  that  some  of  the 
increment  in  land  value  resulting  from  the  improvement 
will  be  recovered  to  pay  part  of  the  cost  of  the  de- 
velopment. 

a  In  this  report  the  term  "marginal  land"  is  used  to  denote  land  bordering  on  high- 
way rights-of-way.  .     ,        , 

a  This  work  is  under  the  direction  of  Dr.  H.  R.  Trumbower,  Senior  Agricultural 
Transportation  Economist.  Acknowledgments  of  assistance  in  the  preparation  of 
this  report  are  due  David  R.  Levin  and  Ann  R.  McGinley. 
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N.  LOS  ANGELES  AVE 


OPENED   STREET 


1.42 


BRICK  WALL 
OLD  STREET  (  STILL  OPEN) 


Figure  1. — Land    Remnant    Left    When    N.    Los    Angeles 
Avenue  Was  Opened,  Los  Angeles.  California. 

Of  the  advantages  that  may  be  obtained  by  marginal 
land  acquisition  in  connection  with  street  and  highway 
development,  the  more  important  ones  discussed  in 
this  article  are:   (1)  Solution  of  the  remnant  problem; 

(2)  elimination  or  reduction  of  consequential  damages; 

(3)  reduction  of  damage  costs  and  of  land  costs  for 
future  development;  (4)  protection  of  the  highway 
appearance  and  conservation  or  development  of  adja- 
cent property  values;  (5)  removal  of  traffic  hazards; 
and  (6)  conversion  of  main,  through  highways  into 
freeways. 

Marginal  land  acquisition  appears  to  be  the  best 
solution  to  the  remnant  problem,  created  when  the 
opening  or  widening  of  a  street  disorganizes  the  land 
pattern  of  city  streets,  lots,  and  blocks. 

When  a  thoroughfare  is  widened  or  cut  through  a 
developed  area,  often  only  parts  of  some  lots  or  tracts 
are  required  for  the  improvement,  and  remnants  or 
gores  are  left.  Frequently  these  remnants  are  small 
and  of  irregular  shape.  In  many  instances  these 
pieces  of  land  are  too  small  to  have  any  substantial 
economic  value,  and  are  often  used  for  the  erection  of 
signboards,  shanties,  or  some  type  of  stand.  Hence, 
they  are  often  detrimental  both  to  the  improvement 
itself  and  to  adjacent  property  values  when  the  rem- 
nants cut  off  access  to  property  which  otherwise  would 
have  frontage  on  the  improvement. 

Sometimes  these  remnants  can  be  combined  with 
adjacent  properties  or  with  one  another.  Since  such 
combinations  usually  require  lengthy  negotiations 
which  are  especially  protracted  in  the  event  of  joint  or 
absentee  ownership,  concurrent  acquisition  by  the 
public  of  both  essential  properties  and  remnants 
may  simplify  negotiations  in  subsequent  sales  or  trades. 

The  remnant  problem  is  intensified  when  an  existing 
building  is  partially  destroyed  in  connection  with  a. 
street  or  highway  improvement.  A  striking  example 
occurred  in  Los  Angeles,  Calif.,  where  a  remnant 
several  hundred  feet  long,  about  8  feet  wide  at  one  end, 
and  2  feet  at  the  other  end,  was  left  in  the  widening  of 
North  Los  Angeles  Avenue.  Figure  1  shows  the  loca- 
tion of  the  building  which  was  demolished,  and  a  wall 
two  stories  high  which  remained  on  the  north  end  of 
this  remnant  after  the  building  was  removed.  The 
intrinsic  value  of  the  lot  was  destroyed  by  the  street 
opening;  there  were  heavy  severance  damages;  and  an 
unsightly  use  of  the  remnant  resulted.  However, 
because  of  legal  limitations  the  city  could  not  acquire 
this  property  for  use  in  connection  with  the  land  it 
owned  on  either  side  {£).  To  prevent  such  occurrences 
in  the  future,  the  California  Constitution  was  amended 
in  1928  to  give  to  the  public  the  power  to  acquire  lands 
outside  the  boundaries  of  improvements  by  purchase 
or  condemnation. 

In  1915  the  Committee  of  Taxation  for  the  City  of 
New  York,  in  a  letter  transmitting  a  report  on  excess 


condemnation  (3),  stated  that  New  York  furnished 
several  horrible  examples  of  remnants  caused  by  cut- 
ting streets  through  built-up  sections.  One  example 
cited  was  the  Flatbush  Avenue  Extension.  Three 
years  after  this  improvement  had  been  completed, 
despite  its  favorable  location,  development  of  the 
abutting  property  had  not  yet  begun.  At  that  time 
the  street  still  looked  "as  if  it  had  been  devastated  by 
an  earthquake."  (3).  The  State  of  New  York  adopted 
a  constitutional  amendment  in  1913  permitting  excess 
condemnation,  and  through  legislative  action  in  1915 
the  power  of  excess  condemnation  was  extended  to  the 
City  of  New  York. 

The  effective  use  of  this  power  was  illustrated  in  the 
acquisition  of  land  remnants  in  connection  with  the 
extension  of  Sixth  Avenue.  Five  parcels  in  one  block 
taken  outside  the  right-of-way  are  shown  in  figure  2. 
Acquisition  of  this  marginal  property  prevented  the 
creation  of  irregular  plots  which  might  have  been  left 
occupied  by  partly  demolished  buildings.  In  one 
instance,  there  would  have  remained  the  remnant  of  a 
six-story  building  95  feet  long,  24  feet  wide  at  one  end, 
and  running  to  a  point  at  the  other  end. 

LAWS  SANCTIONING  CONDEMNATION  OF  LAND  REMNANTS  HAVE 
GENERALLY  BEEN  DECLARED  UNCONSTITUTIONAL 

When  Christie  and  Forsyth  Streets  in  New  York  City 
were  widened  in  1929,  land  was  taken  from  both  sides 
of  several  blocks.  Prior  to  the  widening  of  the  two 
streets  the  blocks  between  were  200  feet  wide  and  fully 
developed.  The  combined  takings  necessary  for  the 
widening  narrowed  the  intervening  blocks  to  a  width 
of  125  feet  and  demolished  all  existing  buildings  fronting 
on  the  east  side  of  Christie  Street  and  on  the  west  side 
of  Forsyth  Street  within  the  area  of  the  improvement. 
Because  of  the  property  damage  which  resulted,  it  was 
thought  to  be  in  the  best  interests  of  the  city  to  acquire 
the  entire  blocks  between  Canal  and  East  Houston 
Streets.  The  plan  of  this  widening  is  shown  in  figure  3. 
The  excess  land  acquired  was  later  landscaped  and 
converted  into  playgrounds  and  small  parks. 

The  remnant  problem  exists  also  in  rural  areas.  A 
highway  development  may  cut  through  a  farm  or  de- 
crease the  size  of  an  orchard  or  truck  garden  to  such 
an  extent  as  to  leave  the  remainder  unsuited  for  agri- 
cultural purposes.  This  is  especially  true  if  a  highway 
so  severs  a  farm  that  a  small  parcel  is  separated  from 
the  main  property,  and  the  situation  is  aggravated  by 
the  separation  of  a  farm  house  from  its  outbuildings  or 
by  the  total  or  partial  destruction  of  these  buildings. 

Attempts  have  been  made  through  legislation  to 
sanction  the  acquisition  of  land  remnants  by  condemna- 
tion, but  the  courts,  in  those  cases  which  have  come 
before  them,  have  generally  declared  such  laws  uncon- 
stitutional. As  early  as  1812  in  New  York,  and  1817 
in  South  Carolina,  State  legislatures,  with  a  view  toward 
correcting  the  remnant  situation,  enacted  laws  permit- 
ting cities,  when  only  a  part  of  a  lot  was  needed  for 
highway  purposes,  to  acquire  the  entire  tract  by  con- 
demnation. In  1824  in  the  case  of  Dunn  v.  City  oj 
Charleston  (4),  the  court  found  the  South  Carolina  act 
unconstitutional;  and  in  1834  in  the  Matter  of  Albany 
Street  (5),  the  New  York  Supreme  Court  declared  the 
New  York  law  of  1812  void.  One  of  the  bases  for  the 
courts'  decisions  was  that  if  the  principle  of  taking  the 
land  outside  the  limits  of  a  highway  were  approved,  it 
would  apply  equally  to  the  taking  of  either  a  small  area 
or  a  large  tract. 
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PROPERTY  WITHIN  HEAVY  DASH  LINES  TAKEN 
FOR  SIXTH  AVENUE  EXTENSION 

]    ADDITIONAL  PROPERTY  ACQUIRED 


3  STORY  BUILDING 


hancock     5tpcet 
Figure  2. — Additional  Property  Acquired  in  Connection  with  Sixth  Avenue  Extension,  New  York  City. 


In  Embury  v.  Conner  (6),  the  doctrine  of  the  Albany 
Street  case  was  reaffirmed.  Again  in  New  York  in 
f  863,  in  the  case  of  Bennett  v.  Boyle  (7),  the  court  stated 
that  in  the  widening  of  an  avenue  in  a  city,  the  powers 
and  jurisdiction  of  the  commissioners  are  limited  and 
restrained  to  the  lines  of  the  avenue  as  enlarged. 
Beyond  and  outside  those  lines  they  can  exert  no  power 
or  authority  whatever. 

A  case  directly  involving  this  point  was  that  of  the 
City  of  Richmond  v.  Corneal  (8).  A  new  street  which 
cut  diagonally  across  streets  and  blocks  of  the  city  was 
opened.  The  court  held  that  the  taking  of  land  must 
be  confined  to  the  SO-foot  strip  needed  for  the  right-of- 
way,  notwithstanding  that  there  was  a  State  statute 
authorizing  the  taking  of  real  estate  abutting  a  pro- 
posed street  when  such  property  would  be  injuriously 
affected  unless  it  were  taken  also  and  lot-lines  read- 
justed. 

In  the  five  cases  just  cited  where  attempts  were  made 
under  statutory  authority  to  acquire  land  remnants  in 
connection  with  highway  improvements,  the  courts 
sanctioned  the  taking  of  only  such  land  as  was  within 
the  limits  of  the  highway.  However,  remant  acquisi- 
tion was  approved  in  a  Massachusetts  case.  In  Opinion 
of  the  Justices,  (9),  the  Massachusetts  Supreme  Court 
indicated  that  if  there  were  a  land  remant  so  small  that 
a  suitable  building  could  not  be  erected  upon  it,  then 
it  would  sustain  the  taking  of  such  a  parcel  under  the 
power  of  eminent  domain.  A  Massachusetts  law 
authorizing  the  taking  of  remnants  was  passed  in  1904, 
but  no  case  arose  requiring  a  specific  decision  inter- 
preting this  authority.  The  Opinion  of  the  Justices  was 
[given  in  1910  in  answer  to  a  hypothetical  question 
submitted  by  the  legislature. 


SEVERAL  STATES  HAVE  ADOPTED  CONSTITUTIONAL  AMENDMENTS 
EXTENDING  THE  POWER  OF  EMINENT  DOMAIN 


Constitutional  amendments  extending  the  power  of 
3minent  domain  have  been  adopted  in  a  number  of 
States.  Massachusetts  in  1911  was  the  first  State  to 
extend  the  powers  of  eminent  domain  through  constitu- 
tional amendment.     Table  1  shows  the  dates  of  similar 


ADDITIONAL  LAND  ACQUIRED 

LAND  TAKEN  FOR  STREET  WIDENING 


Figure  3. — Lands  Taken  in  Christie-Forsyth  Street 
Widening  in  New  York  City,  1929. 

enactments  in  other  States.  The  Virginia  amendment 
transferred  the  power  of  determining  the  concept  of 
"public  use"  from  the  courts  to  the  legislature.  The 
extent  of  the  power  granted  varies  in  the  different 
States,  as  can  be  seen  from  the  following  summary. 
California,  by  article  I,  section  14^2,  of  its  constitu- 
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tion,  authorizes  the  State  or  any  of  its  cities  or  counties 
to  condemn  land 

in  and  about  and  along  and  leading  to  public  works  within  150 
feet  of  a  public  work  or  improvement,  provided  that  when  parcels 
lie  only  partially  within  the  150  feet,  such  portions  may  be 
acquired  which  do  not  exceed  200  feet  from  the  closest  boundary. 

Massachusetts,  by  amendment  to  article  10  of  its 
constitution,  permits  more  land  to  be  taken  by  the 
Commonwealth,  county,  or  city  than  is  needed  for  the 
actual  construction  of  the  improvement,  provided  that 
no  more  land  is  to  be  taken  than  is  needed  for  suitable 
building  lots  on  both  sides  of  the  street. 


Table  1.- — Dates  of  adoption  of  amendments  to  State  constitutions 
extending  power  of  eminent  domain 


State 


California 

Massachusetts 

Michigan 

New  York 

Ohio 

Pennsylvania - 
Rhode  Island- 
Virginia 

Wisconsin 


Date  of 

adoption  of 

constitutional 

amendment 


192S 
1911 
1928 
1913 
1912 
1933 
1916 
1928 
1912 


Power  extended  to- 


State,  counties,  cities. 

Do. 
Municipalities. 
Counties,  cities. 
Municipalities. 
Cities. 
State,  cities. 
0) 
State,  counties,  cities. 


1  Allowed  legislature  to  specify  meaning  of  "public  use." 

Michigan,  by  article  XIII,  section  5  of  its  constitu- 
tion, provides  that  municipalities  may  take  land 
adjacent  to  an  improvement  that  is  appropriate  for 
securing  the  greatest  public  advantage  from  the 
improvement.  The  surplus  may  be  sold  with  or  with- 
out restriction.  Michigan  is  the  only  State  with 
constitutional  provision  for  recoupment  condemnation. 

New  York,  by  article  I,  section  7  of  its  constitution, 
authorizes  cities  and  counties  to  take  more  land  than  is 
needed  for  actual  construction,  provided  that  no  more 
land  shall  be  taken  than  is  needed  to  form  suitable 
building  sites. 

Ohio,  by  article  XVIII,  section  10  of  its  constitution, 
authorizes  municipalities  to  take  for  public  use  property 
in  excess  of  that  actually  occupied  by  the  improvement. 
The  surplus  may  be  sold  only  with  appropriate  restric- 
tions to  protect  the  improvement. 

Pennsylvania,  by  article  XV,  section  5  of  its  constitu- 
tion, authorizes  cities  to  take  more  land  than  is  needed 
for  actual  construction  but  provides  that  the  taking  of 
land  should  "not  be  more  than  sufficient  to  form  suitable 
building  sites  on  such  highways  and  streets."  It 
further  restricts  use  of  this  authority  to  streets  connect- 
ing with  bridges  crossing  streams  or  tunnels  under 
streams  which  form  State  boundaries,  to  a  point  not 
more  than  3  miles  from  such  bridge  or  tunnel. 

Rhode  Island,  by  article  XVII,  section  1  of  its  consti- 
tution, authorizes  the  State,  cities,  and  towns  to  acquire 
more  land  than  is  needed  for  public  purposes,  but  con- 
fines the  taking  of  lands  to  "no  more  than  would  be 
sufficient  to  form  building  sites  abutting  on  such  public 
highway,  street,  place,  park,  or  parkway." 

EXTENT  OF  AUTHORITY  TO  CONDEMN  EXCESS  LAND  VARIES 

Wisconsin,  by  article  XI,  section  3  of  its  constitution, 
authorizes  the  State  or  its  cities  to  condemn  lands  in 
and  about  and  along  and  leading  to  public  works,  and 
after  the  completion  of  the  improvement,  to  sell  the 
remainder  with  restrictions  protecting  the  improvement. 


In  California,  Michigan,  Ohio,  and  Wisconsin,  the 
authority  is  conferred  directly  upon  the  municipality  to 
take  the  designated  property  under  general  laws.  In 
Massachusetts,  New  York,  Pennsylvania,  and  Rhode 
Island  legislative  action  is  required  to  authorize  the  use 
of  the  right  to  acquire  additional  property.  Table  1 
shows  the  units  of  government  in  the  several  States  to 
which  powers  have  been  granted  to  acquire  property 
outside  the  construction  limits. 

In  addition  to  the  several  States  granting  through 
constitutional  amendments  the  power  to  take  land  out- 
side the  construction  limits  of  a  highway,  Delaware, 
Illinois,  Indiana,  Maryland,  Nebraska,  Oregon,  and 
Virginia  in  1938  had  laws  in  effect  broadening  the  scope 
of  eminent  domain  powers.  However,  the  constitution- 
ality of  some  of  these  laws  appears  somewhat  ques- 
tionable. 

In  Delaware  and  Maryland,  in  specific  instances,  the 
courts  have  upheld  the  particular  State  laws,  but  have 
stated  that  it  must  be  determined  in  each  case  whether 
the  acquisition  was  actually  for  a  public  use.  The 
following  is  a  summary  of  the  laws  of  the  various  States 
broadening  the  scope  of  the  power  of  eminent  domain. 

The  Delaware  law  (10),  provides  that  a  boulevard 
corporation  may  take  as  much  more  land  as  may  be 
needed  for  the  proper  construction  and  security  of  the 
boulevard.  The  case  of  Clendaniel  v.  Conrad  (11)  ap- 
proved the  taking  of  a  boulevard  strip  200  feet  wide, 
although  but  30  feet  were  needed  for  the  vehicular  road. 

The  Illinois  law  (12)  grants  Chicago  the  right  to  take 
more  land  than  is  needed  for  an  improvement  when  the 
court  under  which  the  condemnation  proceedings  are 
being  held  finds  that  such  land  is  required  to  protect  or 
aid  the  improvement  and  is  of  a  reasonable  quantity. 

The  Indiana  Code  (IS)  grants  cities  the  right  to  take 
title  to  entire  parcels  when  the  damages  are  equal  to  the 
value  of  the  entire  tract. 

A  Maryland  law  (14)  authorized  the  City  of  Balti- 
more to  open,  construct,  and  establish,  a  public  highway 
over,  along,  and  near  Jones'  Falls  and  to  acquire  prop- 
erty in  and  adjacent  to  the  highway  and  incident  to  and 
for  its  construction.  After  completion  of  the  highway, 
unneeded  lands  were  to  be  sold  and  the  proceeds  placed 
in  a  Commission  on  City  Plan  Fund.  The  general 
principles  of  this  law  were  upheld  in  Duke  Bond  v. 
Baltimore  (15).  The  question  as  to  whether  there  was 
an  actual  need  for  the  taking  of  certain  properties  did 
not  arise.  Another  Maryland  law  (16)  granted  special 
powers  to  the  City  of  Pocomoke  to  take  property  ad- 
joining markets,  parks,  squares,  or  other  public  places. 

Metropolitan  cities  in  Nebraska  have  the  power  (17) 
to  take  land  in  and  about  and  along  and  leading  to  a 
street,  park  or  similar  enterprise,  and  to  sell  any  sur- 
plus after  the  completion  of  the  improvement.  The  law 
declares  that  such  taking  and  conveyance  constitutes  a 
public  use. 

The  Oregon  law  (18)  gives  municipal  corporations 
the  right  to  acquire  property  of  a  certain  area  imme- 
diately adjoining  highways  and  not  more  than  100  feet 
distant. 

The  Virginia  Code  (19)  empowers  any  city  or  town 
to  acquire  property  adjacent  to  a  street  where  the 
topography  impairs  the  use  of  the  thoroughfare.  The 
power  was  also  granted  where  a  street  opening  or 
widening  takes  a  part  of  a  block  or  square,  and,  unless 
lot  lines  are  readjusted,  injuriously  affects  abutting 
property.  Though  this  law  was  held  unconstitutional 
in  1921  in  City  of  Richmond  v.  Corneal,  (8)  a  constitu- 
tional amendment  in  1928  gave  the  general  assembly 
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the  power  to  define  "public  uses."  This  appears  to 
validate  excess  land  acquisition  in  Virginia  under  the 
statutory  authority. 

CITY  PRACTICES  IN  CONDEMNING  EXCESS  LAND  DETERMINED  BY 
QUESTIONNAIRES 

To  ascertain  the  extent  to  which  marginal  condemna- 
tion is  used  in  cities,  questionnaires  were  sent  in  1938 
to  155  cities  having  populations  of  more  than  25,000 
in  those  States  which  had  adopted  constitutional 
amendments  extending  the  power  of  eminent  domain. 
The  following  summary  is  an  indication  of  the  practices 
generally  followed  in  the  81  cities  from  which  replies 
were  received. 

1.  Marginal  land  condemned  for  public  improve- 
ments: 

a.  Seventy-four  cities  ordinarily  take  only  the 

land  that  is  actually  and  directly  needed 
for  the  contemplated  improvement. 

b.  Forty-seven  cities  never  take  land  in  excess 

of  the  amount  actually  and  directly  needed 
for  a  contemplated  improvement. 

c.  Only  1  city  (in  Pennsylvania)  reported  fre- 

quent use  of  excess  condemnation;  50 
reported  infrequent  use;  and  30  did  not 
reply. 

2.  Land  taken  in  excess  of  that  actually  and  directly 
needed  for  a  contemplated  improvement' 

a.  Thirty  cities  take  excess  land  to  reduce  suits 

and  claims  for  severance  damages. 

b.  Twenty-eight  cities  take  excess  land  to  pre- 

vent creation  of  small  remnants  of  land . 

c.  Nineteen   cities   take  excess  land  to  remove 

present  unsightly  buildings  so  as  to  pro- 
vide for  landscaping  future  civic  develop- 
ments, etc. 

d.  Only  seven  cities  take  excess  land  to  control 

the  use  of  adjacent  property  through  sale 
or  lease  to  desirable  tenants. 

e.  Only  four  cities  take  excess  land  with  the 

objective  of  making  a  profit  for  the  munic- 
ipality through  the  sale  of  excess  land 
which  may  become  more  valuable  because 
of  the  improvement. 

f.  Twelve  cities  reported  that  excess  land  was 

taken  to  enable  the  city  to  defray  part  of 
the  expenses  of  improvement  by  later 
selling  the  excess  land,  which  will  have 
acquired  increased  value  because  of  the 
improvement. 

3.  Legal  authorization. 

a.  Fifty  cities  reported  that  their  legal  authority 

permits  possession  and  use  of  condemned 
property  immediately  upon  payment  of  an 
agreed  price  or  deposit  of  appraisal  value 
and  damages. 

b.  Twenty-three  cities  stated  that  possession  and 

use  of  such  property  must  await  final  de- 
termination by  the  courts. 

4.  Condemnation  procedure. 

a.  Thirty  cities  reported  that  the  condemnation 

procedure  is  easy  and  rapid. 

b.  Thirty-seven    cities    reported    it    slow    and 

cumbersome. 

The  Committee  on  Right-of-way  of  the  American 
Association  of  State  Highway  Officials  in  1937  sent  a 


general  inquiry  on  right-of-way  procedure  to  every 
State  highway  department  in  the  United  States.  Re- 
plies to  the  inquiry  were  received  from  39  States.  One 
question  concerned  the  disposition  of  excess  land,  and 
of  the  39  responses  received,  10  were  inadequate  or 
indicated  that  the  respective  States  could  not  legally 
acquire  property  in  fee.  Some  of  the  remaining  23 
States  reported  their  procedures,  and  others  gave  illus- 
trations of  their  functioning  under  the  legal  authority 
they  possess  regarding  excess  land  acquisition. 

The  23  States  which  reported  the  procedure  followed 
regarding  acquisition  and  disposal  of  excess  land  are: 
Arizona,  California,  Colorado,  Florida,  Idaho,  Indiana, 
Iowa,  Kansas,  Louisiana,  Maine,  Maryland,  Massa- 
chusetts, Michigan,  Mississippi,  Montana,  New  Hamp- 
shire, North  Dakota,  Oregon,  South  Dakota,  Utah, 
Vermont,  Virginia,  and  Washington. 

Although  several  of  the  States  reported  substantial 
financial  benefits  from  the  disposal  of  excess  lands,  not 
one  reported  the  taking  of  surplus  property  with  re- 
coupment as  an  objective.  The  following  paragraphs 
summarize  the  practices  reported  by  the  23  States. 

STATE    PRACTICES    REGARDING    ACQUISITION    OF    EXCESS    LANDS 
SUMMARIZED 

Arizona  considers  it  economical  to  acquire  an  entire 
piece  of  property  when  the  highway  traverses  the  major 
portion  of  it.  Apparently  the  State  retains  these  re- 
sidual portions. 

California  sells  or  leases  small  pieces  of  land  lying 
outside  the  main  right-of-way  when  they  are  owned  in 
fee  and  when  such  disposition  is  to  the  advantage  of 
the  highway  commission.  No  excess  real  estate  is 
acquired  unless  such  acquisition  will  be  to  the  financial 
benefit  of  the  State. 

Colorado,  through  its  counties,  purchases  entire 
tracts  when  an  owner  is  unwilling  to  sell  a  porton  of  a 
tract.  Title  to  the  land  outside  the  right-of-way  is 
vested  in  the  county,  and  the  county  commissioners 
sell  or  lease  it  with  restrictions  as  to  its  use. 

Florida  floes  not  sell  or  lease  extra-wide  right-of-way. 
On  minor  relocations  the  unused  portions  are  left  to  he 
reoccupied  by  the  adjacent  owners  or  may  be  quit- 
claimed by  the  county  to  the  original  owners. 

Idaho  sometimes  obtains  extra  right-of-way  in  fee. 
Unused  portions  may  be  leased  for  agricultural  pur- 
poses, but  ordinarily  revert  to  the  adjacent  owners 
when  no  longer  needed  for  highway  purposes.  Occa- 
sionally some  such  land  is  quitclaimed  to  other  parties. 

Indiana  sometimes  obtains  by  grant  land  not  specific- 
ally needed  for  highways.  This  is  usually  abandoned 
to  adjoining  owners,  but  where  unnceded  acreage  is 
obtained  by  warranty  deed,  it  occasionally  is  sold  with 
the  permission  of  the  Governor.  Additional  right-of- 
way  is  sometimes  retained  for  roadside  development 
purposes. 

Iowa  through  its  executive  council  is  permitted  to 
sell,  with  certain  restrictions  and  provisions,  unused 
right-of-way  upon  recommendation  of  the  highway 
commission.  This  has  been  definitely  advantageous 
in  facilitating  settlements  through  exchanges  or  other 
transfers  of  right-of-way. 

Kansas  through  its  highway  commission  has  author- 
ity by  law  to  sell  or  exchange  right-of-way.  Occasion- 
ally a  tract  for  which  the  State  has  no  use  is  quitclaimed 
to  the  original  owner,  but  none  is  conveyed  to  a  third 
party. 

Louisiana  through  its  highway  commission  may  ac- 
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quire  extra  right-of-way  in  fee  but  not  through  process 
of  eminent  domain.  When  property  is  acquired  by 
gift  or  purchase  the  highway  commission  may  dispose  of 
it  at  public  auction  or  otherwise.  A  small  profit  has 
usually  been  realized  on  parcels  that  have  been  sold. 

Maine  purchases  extra  land  through  a  warranty  deed 
when  it  is  necessary  to  do  so  to  obtain  the  needed 
right-of-way  economically,  and  this  may  be  sold  by  the 
Governor  and  council  upon  recommendation  of  the 
highway  commission.  Land  and  buildings  are  some- 
times rented  until  they  can  be  sold. 

Maryland  sells  the  unused  portions  of  any  properties 
which  have  been  purchased  in  the  interests  of  economi- 
cal land  acquisition  after  public  advertisement  of  such 
portions  for  sale.  Dwellings  upon  such  extra  land  are 
rented  until  sold. 

In  Massachusetts  a  special  act  of  the  legislature  is 
required  to  sell  or  lease  extra  right-of-way. 

Michigan  sells  excess  property  by  deed  or  leases  it  by 
land  contracts  at  prices  determined  by  the  State 
highway  commissioner. 

Mississippi  occasionally  acquires  more  land  than  is 
actually  needed,  but  the  highway  department  docs  not 
have  authority  to  sell  this  extra  property,  authorization 
by  the  legislature  being  necessary. 

Montana  as  a  matter  of  expediency  sometimes 
obtains  more  land  than  is  actually  necessary  for  right- 
of-way.  Such  excess  land  may  be  sold  or,  where  it  may 
be  required  for  future  development,  a  license  to  use  may 
be  issued.  No  land  is  leased  or  licensed  for  use  for 
commercial  purposes. 

New  Hampshire  may  purchase  excess  land  by  mutual 
agreement  in  acquiring  right-of-way,  and  this  may  be 
sold  by  the  Governor  and  council  if  recommended  hj 
the  highway  commissioner. 

North  Dakota  permits  reversion  of  extra  or  aban- 
doned right-of-way  which  has  been  obtained  through 
purchase  or  condemnation  to  the  original  owner  or  his 
heirs. 

Oregon  places  control  over  all  land  acquired,  including 
excess  lands,  in  the  engineering  department,  and  all 
sales  or  leases  must  be  recommended  by  the  department 
engineers  and  approved  by  the  State  highway  commis- 
sion. 

South  Dakota  has  not  sold  and  does  not  contemplate 
selling  any  extra  right-of-way  acquired. 

Utah  through  the  State  road  commission  can  sell  or 
lease  extra  right-of-way  under  special  circumstances. 

Vermont  permits  the  State  highway  board,  with  the 
consent  of  the  auditor  of  accounts,  to  dispose  of  any 
land  or  buildings  which  are  no  longer  of  any  use  for 
highway  purposes. 

Virginia  does  not  authorize  the  highway  department 
to  convey  any  real  estate  except  by  special  act  of  the 
legislature.  However,  when  it  is  to  the  advantage  of 
the  department,  very  often  entire  parcels  are  purchased 
under  an  agreement  that  the  grantor  simultaneously 
with  the  conveyance  to  the  Commonwealth  deeds  the 
residue  to  parties  designated  by  the  highway  depart- 
ment. This  facilitates  transactions  and  often  enables 
the  department  to  make  adjustments  with  owners  of 
adjoining  land  or  to  realize  some  return  on  an  expensive 
piece  of  property. 

Washington  sells  or  otherwise  disposes  of  any  extra- 
wide  sections  or  unused  stock  pile  or  pit  sites  when  they 
arc  no  longer  necessary  for  highway  purposes. 

The  acquisition  of  marginal  or  adjacent  lands  can 
also  be  of  value  in  assisting  adequate  highway  develop- 


ment by  facilitating  the  sale  or  trading  of  property  and 
by  decreasing  or  eliminating  consequential  damages. 
When  land  remnants  unsuited  for  a  normal  economic 
use  are  created,  or  when  the  utility  of  a  residual  tract 
of  land  is  impaired  by  street  or  highway  improve- 
ment, considerable  amounts  must  often  be  paid  for 
consequential  damages.  The  public  must  pay  not 
only  for  the  land  actually  taken  but  also  for  damage  to 
the  remainder.  However,  the  mere  payment  of  these 
damages  does  not  result  in  a  right  or  interest  in  the 
property  damaged,  even  though  the  total  amount  paid 
may  approach  or  equal  the  actual  value  of  the  entire 
tract.  If  the  acquisition  of  marginal  land  is  possible, 
the  public  may  obtain  the  entire  tract,  and  although 
the  total  cost  is  not  decreased  or  may  even  exceed  the 
cost  of  the  essential  portion  plus  damages  to  the  re- 
mainder, the  public  still  has  an  advantage  in  that  it 
acquires  title  to  the  entire  property.  It  is  then  possible 
to  combine  and  sell  portions  outside  the  right-of-way 
and  thus  recover  some  of  the  original  cost;  the  excess 
portions  may  be  traded  to  consummate  transactions 
that  might  otherwise  involve  considerably  more  ex- 
pense; or  the  remnants  may  be  developed  as  small 
parks  or  planted  areas. 

MARGINAL  LAND  ACQUISITION  USEFUL  IN  REDUCING  CONSEQUEN- 
TIAL DAMAGES 

In  connection  with  the  recent  Kilbourn  Avenue 
development  in  Milwaukee,  Wis.,  it  was  necessary  to 
acquire  a  lot  occupied  by  a  filling  station.  During 
other  land  acquisition  on  the  same  street  the  city  was 
able  to  obtain  at  a  favorable  price  an  additional  quan- 
tity of  land  which,  after  the  new  boulevard  was  devel- 
oped, was  a  suitable  site  for  a  filling  station.  The  city 
was  able  to  trade  this  new  location  to  the  oil  company 
as  part  of  the  consideration  for  its  former  site.  The 
transaction  resulted  in  a  substantial  decrease  in  the 
net  cost  of  the  improvement  to  the  public. 

An  example  in  Elmhurst,  111.  may  also  be  cited.  For 
highway  improvement  in  that  vicinity  a  portion  of  a 
tract  of  land  held  by  the  city  for  potential  park  pur- 
poses was  required  and  also  another  area  essential  for 
the  city's  sewage  disposal  plant.  In  connection  with 
highway  right-of-way  acquisition,  Du  Page  County 
was  able  to  obtain  a  large  tract  of  suitable  land  in  the 
same  general  location.  It  then  traded  this  single  large 
tract  to  the  city  in  exchange  for  the  park  and  sewage 
plant  properties  which  were  needed  for  the  highway. 

A  policy  of  marginal  land  acquisition  intelligently 
applied  to  a  highway  development  program  may  also 
make  it  possible  to  reduce  excessive  damage  costs  anc 
eliminate  land  costs  in  future  development  of  streets  oi 
highways.  This  is  particularly  true  where  reasonable 
forecasts  indicate  the  need  of  future  provision  for  in- 
creased traffic  volume  even  though  the  present  traffic 
volume  or  available  funds  may  not  warrant  the  full 
development  immediately. 

When  a  road  is  originally  laid  out,  it  may  be  locatec 
through  relatively  undeveloped  areas  where  land  costs 
are  low.  After  it  is  established,  development  of  con- 
tiguous areas  may  be  encouraged  and,  if  the  road  carries 
a  large  volume  of  traffic,  ribbon  development  may  set  in; 
Business  and  residential  sites  become  intermingled  anc 
commercial  enterprises  seek  locations  as  close  to  the 
travel  lanes  as  possible. 

Subsequently,  increased  traffic  may  require  a  wider 
road.  Adjacent  property  may  have  become  more 
valuable   and    therefore   large   damage   costs   may  be 
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incurred  because  of  development  which  the  highway 
improvement  itself  originally  encouraged.  If,  at  the 
time  of  the  original  land  acquisition,  a  sufficient 
quantity  of  land  had  been  taken  to  provide  for  future 
development,  these  costs  could  have  been  largely 
avoided. 


MARGINAL  LAND  ACQUISITION  MAY  PROTECT  ADJACENT 
PROPERTY  VALUES 

A  further  advantage  of  a  policy  of  marginal  land 
acquisition  is  the  opportunity  it  affords  for  protecting 
or  improving  the  appearance  of  the  roadway  and 
thereby  conserving  values  of  adjacent  property  against 
unwarranted  or  unnecessary  declines  in  value.  This 
may  be  accomplished  through  public  control  which 
may  be  exercised  by  acquiring  a  right-of-way,  either 
in  the  form  of  an  easement  or  fee  title,  wider  than  that 
essential  for  construction  purposes.  Billboards  and 
unsightly  structures  can  thus  be  eliminated  and  the 
extra  space  used  for  roadside  planting  or  development. 
Such  planted  strips  are  not  only  pleasing  to  the  traveler 
but  also  screen  dwellings  from  the  road. 

Acquisition  of  extra  land  along  the  highway  provides 
adequate  space  for  screening  purposes  and  at  the  same 
time  moves  the  building  line  a  greater  distance  from 
the  highway  so  that  the  disadvantages  of  residential 
locations  along  heavily  traveled  roads  are  minimized. 
These  screens  in  semirural  and  rural  areas  also  may 
serve  as  snow  fences  and  thus  reduce  snow-removal 
costs. 

Some  courts  apparently  consider  that  in  condemning 
property  for  public  purposes  it  may  be  proper  to  con- 
sider the  esthetic  element  and  to  take  land  outside  of 
the  physical  limits  of  the  improvement  for  that  purpose. 

In  1907,  Pennsylvania  passed  a  law  permitting  con- 
demnation of  land  within  200  feet  of  a  parkway  with 
the  express  objective  of  protecting  the  improvement. 
The  land  so  acquired  could  later  be  sold  with  such 
restrictions  as  would  fully  protect  the  parkways,  "their 
environs,  the  preservation  of  the  view,  appearance, 
light,  air,  health,  and  usefulness  thereof."  An  attempt 
was  made  in  1913  to  apply  the  power  given  in  the  law 
in  connection  with  the  construction  of  Fairmount 
Parkway.  The  Pennsylvania  Supreme  Court  in  the 
case  of  the  Pennsylvania  Mutual  Life  Insurance  Com- 
pany v.  City  oj  Philadelphia  (SO),  in  a  strong  opinion 
refused  to  sanction  the  taking  of  land  when  the  question 
of  resale  to  persons  other  than  the  original  owner  was 
involved.  It  may  be,  however,  that  the  fact  that  the 
city  before  acquiring  the  land  and  a  building  on  it  had 
already  completed  negotiations  for  its  resale  to  a  third 
party  caused  the  court  to  consider  that  fact  primarily 
rather  than  the  preservation  of  the  appearance  of  the 
avenue. 

Although  the  courts  looked  with  disfavor  upon  this 
particular  acquisition  of  land  outside  the  boundaries  of 
a  street  development,  there  are  instances  where  the 
interpretation  of  what  constitutes  a  street  limit  has 
been  liberal.  In  Clendaniel  v.  Conrad,  (11),  the  court 
decided  that  boulevard  corporations  had  the  authority 
to  condemn  a  strip  of  land  200  feet  wide,  although  the 
vehicular  road  was  only  30  feet  wide.  In  Yeihnont 
Development  Co.  v.  Rosser  (21),  it  was  held  that  land 
could  be  taken  for  an  arnamental  approach  to  a  bridge 
and  for  future  expansion.  In  Duke  Bond  v.  Baltimori . 
(15),  it  was  held  that  the  city  could  take  land  on  both 
sides  of  the  development  incident  to  and  for  the  pur- 
poses of  construction  of  the  highway. 


In  Missouri,  in  the  case  of  St.  Louis  v.  Breuer  (22), 
the  court  drew  a  distinction  between  a  "road  or  streel  " 
and  "parkway  or  boulevard."  It  said  the  word 
"avenue"  does  not  have  a  general  meaning  which  applies 
to  both  street  and  boulevard,  but  is  synonymous  with 
"street"  and  not  with  "boulevard."  In  the  case  of 
Newbold  v.  Brotzge,  (23),  the  court  defined  a  "parkway 
or  boulevard"  as  a  street  of  special  width,  given  a  park- 
like appearance  by  reserving  spaces  for  trees,  flowers, 
etc.,  and  not  used  for  heavy  teaming;  or  one  especially 
designed  for  pleasure  walking  or  driving.  Similar  in- 
stances of  this  distinction  may  be  found  in  the  cases  of 
Bonis  v.  City  of  Baltimore  (24),  and  Chaplin  v.  Kansas 
City  (25).  Since  one  of  the  objectives  in  creating  a 
parkway  or  boulevard  is  to  create  a  thoroughfare  having 
a  pleasing  and  park-like  appearance,  it  appears  that  the 
acquisition  of  land  needed  to  accomplish  such  purposes 
might  be  sanctioned. 

MARGINAL  LAND  ACQUISITION  ENABLES  ELIMINATION  OF  CERTAIN 
TRAFFIC  HAZARDS 

Since  a  main  highway  is  a  magnet  for  business  enter- 
prises catering  to  the  motoring  public,  certain  traffic 
hazards  may  be  avoided  or  eliminated  through  acquisi- 
tion of  marginal  lands.  Such  acquisition  would  permit 
control  of  the  particular  types  of  enterprise  whose 
numbers  generally  increase  with  traffic  volume,  namely 
taverns,  rilling  stations,  and  various  types  of  roadside 
stands.  Not  only  are  hazards  created  by  frequent 
interruptions  of  traffic  flow,  but  these  enterprises 
seek  locations  favorable  to  them  but  which  often  create 
confusion,  particularly  at  night,  at  corners  and  curves 
because  of  advertising  devices.  If  the  public  controls 
land  along  the  highway,  such  hazards  can  be  eliminated. 
To  some  extent,  the  same  results  can  be  accomplished 
through  zoning;  but  since  this  method  of  control  can 
be  used  only  to  prevent  a  potential  objectionable  use, 
outright  public  ownership  is  required  to  remove  existing 
hazards. 

Marginal  land  acquistion  may  also  be  especially  use- 
ful in  the  development  of  freeways,  or  thoroughfares  to 
which  access  is  provided  only  at  rather  long  intervals. 
One  of  the  basic  rights  of  property  is  that  of  access, 
which  in  most  States  is  construed  to  apply  to  both  old  es- 
tablished ways  and  to  newly  laid  out  roads  and  streets. 
On  freeways  abutting  properties  are  denied  the  right 
of  access.  By  acquiring  land  outside  the  main  traveled 
road  local-service  roads  can  be  constructed,  thus  pro- 
viding accessibility  commensurate  with  that  provided 
by  the  original  highway. 

Two  constitutional  cases  which  arose  in  Ohio,  one 
of  which  was  eventually  carried  to  the  United  States 
Supreme  Court,  are  of  particular  interest  in  connection 
with  the  possible  uses  of  marginal  land  condemnation 
to  facilitate  desirable  street  and  road  development. 
These  were  the  cases  of  East  Cleveland  v.  Nau  (26)  and 
Cincinnati  v.  Vester  (27).  In  both,  the  condemnation 
of  excess  lands  by  the  city  was  held  improper  on  the 
ground  that  the  municipalities  must  define  specifically 
the  purpose  for  appropriating  such  lands,  and  must 
prove  that  the  excess  is  reasonably  needed  in  connection 
with  the  development.  The  court  found  that  in  neither 
case  had  the  condemnation  procedure  followed  been  in 
conformity  with  that  required  by  the  authority  given 
under  the  constitutional  amendment  passed  in  Ohio 
in  1912. 

In  the  Nau  case  the  city  of  East  Cleveland  passed 
legislation  extending  a  street  and  provided  that  such 
extension  should  be  100  feet  in  width.     The  legislation 
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also  provided  for  taking  an  excess  of  land  beyond  that 
needed  for  the  street,  setting  forth  that  the  excess  was 
needed  for  slope  grading.  Because  of  the  peculiar 
topography,  the  city  claimed  that  cuts  would  have  to 
be  made  in  defendants'  lands  and  hence  grading  would 
be  necessary.  Pursuant  to  the  legislation,  the  city 
filed  applications  to  assess  compensation  to  be  paid 
for  the  taking  of  the  100-foot  strip  and  also  the  excess. 

The  defendants  in  the  case  meanwhile  filed  petitions 
to  enjoin  the  city  from  appropriating  the  excess  land  not 
actually  needed  for  the  improvement.  They  alleged 
that  the  property  sought  was  in  excess  of  that  actually 
needed;  that  the  appropriation  was  not  for  a  public 
use  but  was  for  the  purpose  of  reselling  to  private  per- 
sons at  a  profit  for  the  city;  that  the  reason  for  taking 
the  excess  property  was  not  properly  defined  in  the 
city's  legislation;  and  that  for  the  above  reasons,  the 
proceedings  by  the  city  were  void  and  contravened  the 
provisions  of  the  State  and  Federal  constitutions,  espe- 
cially article  XVIII,  section  10  of  the  State  constitution 
which  provides  that  a  municipality  appropriating  prop- 
erty for  public  use  might  "in  furtherance  of  such  public 
use  appropriate  or  acquire  an  excess  over  that  actually 
to  be  occupied  by  the  improvement." 

The  Supreme  Court  of  Ohio  held  that  the  city  was  re- 
quired to  define  specifically  in  its  legislation  the  purposes 
of  its  appropriation,  and  that  it  was  incumbent  upon 
the  city  to  sustain  such  requirement  by  proof  of  its 
necessity  since  the  power  to  condemn  excess  property  is 
granted  to  the  city  only  when  the  excess  property  is 
reasonably  needed.  It  was  also  held  that  the  larger 
part  of  the  excess  lands  was  not  necessary  for  lateral 
support  of  the  improvement  and  was  not  needed  in  fur- 
therance of  a  public  use,  and  that  the  grade  so  estab- 
lished by  the  city  (which  grade  would  have  taken  the 
whole  of  the  defendants'  properties)  was  wholly  unrea- 
sonable and  unnecessary  for  the  maintenance  of  the 
street.  The  court  held  that  it  would  not  disturb  a 
reasonable  discretion  exercised  by  city  authorities,  but 
that  it  could  not  sanction  an  arbitrary  and  unnecessary 
appropriation  of  excess  land  when  the  weight  of  evidence 
and  testimony  did  not  show  that  such  excess  land  was 
needed. 

The  issues  involved  are  succinctly  stated  by  the 
Supreme  Court  of  Ohio  in  its  decision  in  the  following 
language: 

The  principal  issue  presented  in  these  cases  is  this:  Were  all  of 
such  excess  lands  needed  in  the  furtherance  of  this  improvement 
or  was  their  attempted  appropriation  arbitrary  and  needless? 
Upon  that  issue,  both  of  the  lower  courts  found  that  the  appro- 
priation of  the  larger  portion  of  the  excess  lands  was  not  necessary 
for  lateral  support  for  the  improvement,  and  was  not  in  further- 
ance of  the  public  use.  The  lots  of  the  several  defendants  in 
error,  facing  the  improvement,  were  130  feet  in  depth  and  in- 
cumbered by  buildings.  All  of  this  property  was  sought  to  be 
taken  for  a  proposed  grade  extending  from  the  sidewalk,  to  be 
"graded  on  a  slope  which  rises  three-eighths  of  1  inch  per  foot  of 
horizontal  distance  from  the  grade  of  said  sidewalk,"  etc.  The 
grade  so  established  by  the  city,  taking  substantially  the  whole 
of  the  properties  of  the  several  defendants  in  error,  was  wholly 
unreasonable  and  unnecessary  for  the  maintenance  of  the 
street,  or  for  its  lateral  support.  The  arbitrary  fixing  <  >f  a 
three-eighths  of  an  inch  grade  therefore  was  unreasonable.  This 
is  evidenced  by  the  testimony  of  one  of  the  engineers  introduced 
by  the  city,  who  in  answer  to  the  court's  query,  testified,  in 
effect,  that,  not  more  than  10  feet  or  20  feet  from  (he  sidewalk 
would  be  necessary  for  grade  maintenance. 

In  the  Vester  case 4  excess  condemnation  of  the 
properties  in  question  was  proposed  by  a  resolution 
adopted  by  the  Cincinnati  City  Council  in  accordance 

1  For  a  digest  of  this  case,  see  Toll  Roads  and  Free  Roads,  7Cth  Congress,  1st  M'ssion, 
House  Document  No.  272,  pp.  126-128. 


with  Ohio  statues,5  but  the  purpose  of  the  appropriation 
was  stated  in  the  resolution  only  in  general  terms  as 
being  "in  furtherance  of  the  said  widening  of  Fifth 
Street"  and  "necessary  for  the  complete  enjoyment  and 
preservation  of  said  public  use." 

U.  S.  SUPREME  COURT  REFUSED  TO  SANCTION  TAKING  OF  EXCESS 
LAND  IN  AN  OHIO  CASE 

The  ordinance  providing  for  the  excess  appropriation 
was  not  specific,  declaring  simply  that  it  was  "in 
furtherance  of  the  public  use,"  described  as  the  widen- 
ing of  Fifth  Street,  and  "for  the  more  complete  enjoy- 
ment and  preservation  of  the  benefits  to  accrue  from 
said  public  use."  In  what  way  the  excess  condemnation 
of  these  properties  was  in  furtherance  of  the  widening 
of  the  street,  and  why  it  was  necessary  for  the  complete 
enjoyment  and  preservation  of  the  public  use  of  the 
widened  street  were  not  stated  and  were  thus  left  to 
surmise. 

The  city  argued  that  in  resorting  to  excess  condemna- 
tion legislative  bodies  generally  have  had  in  view  the 
following  three  purposes:  (1)  The  avoidance  of  remnant 
lots;  (2)  the  preservation  and  amplification  of  the 
improvement;  and  (3)  the  recoupment  of  expense  from 
increased  values.  Both  the  district  court  and  the  cir- 
cuit court  of  appeals  concluded  that  the  theory  of 
remnants,  and  of  the  protection  and  preservation  of  the 
improvement,  were  not  applicable.  Both  courts  be- 
lieved the  sole  purpose  of  the  city  was  the  recoupment 
of  a  large  part  of  the  expense  of  the  street  widening 
by  the  resale  of  the  properties  in  question  and  that  the 
excess  condemnation  was  in  violation  of  the  constitu- 
tional rights  of  the  plaintiffs  because  the  condemnation 
was  not  a  taking  for  a  public  use  "within  the  meaning 
of  that  term  as  it  heretofore  has  been  held  to  justify  the 
taking  of  private  property."  The  court  of  appeals 
added  that  the  provision  of  the  State  constitution 
relating  to  excess  condemnation,  "would  seem  to  mean 
in  furtherance  of  the  normal  use  to  which  the  property 
that  is  occupied  by  the  improvement  is  devoted — here 
the  use  and  preservation  of  the  street  for  the  purposes 
of  travel,"  and  the  court  held  that  if  the  provision 
means  that  property  may  be  taken  "for  the  purpose  of 
selling  it  at  a  profit  and  paying  for  the  improvement  it 
is  clearly  invalid." 

In  the  United  States  Supreme  Court,  the  city  chal- 
lenged the  propriety  of  the  assumption  that  the  city 
was  proceeding  on  the  theory  of  the  recoupment  of  ex- 
pense by  resale  of  the  properties,  and  insisted  that  its 
purpose  in  the  specific  cases  could  not  thus  be  delimited. 
The  city  urged  that,  when  the  improvement  was  com- 
pleted, the  city  council  would  doubtless  be  in  a  position 
to  determine  what  sized  tracts  and  what  kinds  of  re- 
striction would  be  best  suited  for  the  harmonious 
development  of  the  south  side  of  the  street.  The  city 
also  insisted  that  it  might  never  resell  the  excess;  that 
it  was  not  compelled  to  do  so  by  the  constitution;  that 
the  question  was  one  to  be  determined  in  the  future; 
that  recoupment  could  come  only  from  a  sale;  and  that 
until  by  some  act  the  cit)7  evidenced  an  intent  to  sell, 
it  could  not  be  said  to  be  proceeding  only  on  a  theory  of 
recoupment.  After  a  further  consideration  of  whether 
the  purposes  of  the  excess  condemnation  had  been 
adequately  stated  or  not,  and  a  discussion  of  the  judicial 

«  General  Code  of  Ohio,  sec.  3P79:  Resolution  shall  be  passed.  When  it  is  deemed 
necessary  to  appropriate  property,  council  shall  pass  a  resolution,  declaring  such 
intent,  defining  the  purpose  of  the  appropriation,  setting  forth  a  pertinent  description 
of  the  land,  and  the  estate  or  interest  therein  desired  to  be  appropriated.  For  water- 
works purposes  and  for  the  purpose  of  creating  reservoirs  to  provide  for  a  supply  of 
water,  the  council  may  appropriate  such  property  as  it  may  determ  ine  to  be  necessary. 
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or  legislative  sphere  of  deciding  what  was  a  proper 
public  use,  the  court  held  that  questions  relating  to 
the  constitutional  validity  of  an  excess  condemnation 
should  not  be  determined  upon  conjecture  as  to  the 
contemplated  purpose.  The  court  held  that  the  object 
of  the  excess  appropriation  had  not  been  set  forth  as 
required  by  the  local  law,  and  concluded  that  the 
proceedings  for  excess  condemnation  of  the  properties 
involved  were  not  taken  in  conformity  with  the  appli- 
cable law  of  the  State. 

In  affirming  the  decrees  made  by  the  lower  courts, 
the  Supreme  Court  concluded  that  the  proceedings  for 
excess  condemnation  of  the  properties  involved  wore 
not  taken  in  conformity  with  the  applicable  law  of  the 
State  but  refrained  from  expressing  an  opinion  upon 
the  other  questions  that  were  argued. 

EXCESS  LAND  SOMETIMES  SOLD  OR  LEASED  TO  REDUCE  COST  OF 
IMPROVEMENT 

Various  phases  of  marginal  land  acquisition  have 
already  been  discussed.  All  of  these  phases  were 
directly  concerned  with  the  utility  of  the  improvement. 
However,  marginal  land  may  sometimes  be  sold  or 
leased  for  the  purpose  of  decreasing  the  cost  of  the 
improvement,  but  such  transactions  are  always  inci- 
dental to  the  primary  objectives  of  the  acquisition. 
When  real  estate  has  been  obtained  for  any  given 
specific  improvement,  if  the  title  to  the  property  has 
been  acquired  rather  than  an  easement  for  the  public 
use,  the  public  may  sell  the  property  when  it  becomes 
evident  that  the  land  is  no  longer  needed  for  the  pur- 
pose for  which  it  was  originally  acquired. 

A  noteworthy  instance  of  such  sale  of  land  occurred 
in  Boston  in  the  case  of  the  Back  Bay  flats.  These  low 
lands  adjacent  to  the  Charles  River  were  usually 
flooded  at  high  tide,  and  were  not  only  unusable  and 
prevented  proper  development  of  the  harbor,  but  were 
a  decided  menace  to  health  because  of  their  stagnant 
condition.  About  60  years  ago  the  area  was  con- 
demned, drained,  and  filled,  and  after  it  was  platted 
and  sold,  became  the  well-known  Back  Bay  residential 
district. 

The  Massachusetts  Supreme  Court  in  the  case  of 
Moore  v.  Sanford  et  al.  {28)  sustained  this  sale  on  the 
grounds  that  it  was  incidental  to  the  primary  object  of 
the  acquisition  which  was  to  remedy  a  condition  that 
was  detrimental  to  the  welfare  of  the  city.6 

In  connection  with  the  construction  of  the  Center 
Street  subway  New  York  City  acquired  some  extra 
land  along  Canal  Street.  The  city  sold  the  adja- 
cent property  acquired  "subject  to  the  easement  and 
reserving  the  space  needed  for  entrance,  at  a  price  so 
near  the  original  purchase  price  that  the  easements  and 
the  space  for  station  entrances  involved  almost  a  nom- 
inal expense"  {29). 

Unfortunately,  in  many  highway  improvements  a 
barrier  exists  to  the  disposal  of  surplus  land  because  the 
property  interest  acquired  is  an  easement  for  highway 
purposes  rather  than  the  fee  to  the  property.  All  rights, 
therefore,  are  contingent  upon  the  public  continuing  to 
use  the  property  for  highway  purposes.  When  title  to 
land  is  vested  in  the  public,  it  may  sell  or  otherwise  dis- 
pose of  such  property  if  the  road  or  street  is  closed  or 
abandoned;  but  if  the  public  right  is  only  an  easement 
for  highway  purposes,  such  property  may  revert  to  the 
original  owners  when  use  of  the  property  for  highway 

•  The  taking  of  these  lands  and  flats  was  authorized  bv  the  statutes  of  1884,  c.  290. 
Such  legislative  action  was  made  necessary  bv  the  reluctance  of  certain  owners  to  sell 
their  property,  or  to  join  in  the  proposed  improvement. 


purposes  ceases.  As  far  as  cost  is  concerned,  normally 
there  is  little  difference  between  the  price  commanded 
for  full  title  and  that  paid  for  an  easement.  Under 
these  conditions,  it  is  in  the  public  interest  to  acquire 
title  rather  than  an  easement  when  property  is  taken 
for  highway  purposes. 

In  contrast  to  the  sale  of  incidentally  acquired  land, 
property  may  also  be  acquired  specifically  for  the  pur- 
pose of  resale  under  a  public  land  fund  or  authority  so 
that  the  proceeds  may  be  used  to  reduce  the  cost  of  the 
improvement.  Ordinarily,  a  governmental  organiza- 
tion may  go  into  the  market  as  any  private  individual 
and  purchase  land.  Governmental  participation  in 
land  enterprises  for  the  public  good  is  an  old  and  well- 
established  practice.  For  example,  Glasgow,  Scotland, 
has  had  a  Common  Good  Fund  for  350  years.  This  is 
defined  as  consisting  "of  such  property  and  funds  as  are 
held  by  the  magistrates  and  council  on  behoof  of  the 
community,  unfettered  by  restriction  as  to  its  disposal, 
save  conformity  to  the  common  law  and  the  promotion 
of  the  public  weal  of  the  burgh."  In  1927,  this  fund 
had  assets  of  approximately  $50,000,000,  and  liabilities 
of  approximately  $47,500,000.  The  street  railroad 
svstem  had  been  bought  and  paid  for  out  of  this  fund 
(SO). 

The  German  cities  of  Ulm  and  Diisseldorf  have  also 
reported  successful  use  of  land  funds.  Diisseldorf  had 
a  special  land  department  financed  by  a  bond  issue 
supported  from  a  %-mill  tax  levy.  The  business  of  the 
department  was  to  invest  in  land  for  the  city  and  to 
anticipate  future  wants.  When  a  city  department 
needed  a  piece  of  land  held  by  the  land  fund,  the  lot  was 
transferred  and  its  value  paid  over  to  the  fund  {31). 
Common  examples  of  land  funds  in  the  United  States 
are  those  used  in  many  States  for  school  purposes.  In 
1938  Pasadena,  Calif,  had  a  Land  Sale  and  Purchase 
Fund  which  permitted  the  purchase  of  land  without 
condemnation,  and  Toledo,  Ohio,  had  a  Permanent 
Improvement  Fund  which  could  be  used  for  purchasing 
property  needed  for  municipal  purposes  only. 

VALUES  CREATED  BY  PUBLIC  IMPROVEMENTS  RETAINED  THROUGH 
RECOUPMENT  CONDEMNATION 

A  third  method  by  which  the  cost  of  public  improve- 
ments may  be  reduced  through  the  sale  or  lease  of 
property  favorably  affected  by  the  development  in- 
volves the  process  of  recoupment  condemnation  under 
the  power  of  eminent  domain.  In  some  instances  a 
public  organization,  in  an  effort  to  retain  for  the  public 
the  full  increment  created  by  a  public  improvement, 
may  attempt  to  use  its  sovereign  power  of  eminent 
domain  to  take  benefited  properties  forcibly  with  the 
objective  of  selling  the  property  so  acquired  at  the 
enhanced  value. 

Recoupment  condemnation  has  been  used  to  some 
extent  in  Europe.  Figures  have  been  given  by  various 
writers  showing  the  ostensible  results  of  recoupment 
condemnation  in  European  cities.  The  greatest  single 
enterprise  and  the  one  most  commonly  cited  is  the 
Strand-Holbern  or  Kingsway  development  in  London. 
Various  figures  have  been  given  concerning  this  project, 
but  an  authentic  statement  of  the  financial  results  is  to 
be  found  in  a  report  to  the  London  County  Council  by 
its  Highway  Committee,  presented  December  15,  1936 
(32).    This  report,  in  part,  states: 

The  council  receives  about  $695,910  annually  in  ground  rents 
from  the  surplus  land  of  the  improvement,  upon  which  buildings 
of  the  approximate  cost  of  $24,332,500  have  been  erected.  In 
addition,  a  sum  of  $4,701  a  year  is  received  in  respect  of  better- 
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merit  charges.  A  total  sum  of  $3,579,345  has  been  received 
from  the  sale  of  the  sites,  and  other  sites  valued  at  $1,096,379 
were  transferred  in  settlement  of  claims  on  reinstatement  basis. 

The  total  debt  charges  incurred  to  March  31,  1936  ($25,- 
352,338),  plus  the  net  debt  outstanding  at  that  date  ($15, 61  1,- 
686),  amounted  to  $-40,967,024.  Against  this,  the  aggregr.te 
rents  received,  plus  the  value  of  the  leased  sites,  amounted  to 
$29,247,329.  The  difference  ($11,719,695)  may,  therefore,  be 
said  to  represent  the  net  cost  to  the  rate  payer  up  to  March  31, 
1936. 

The  annual  net  charges  on  the  rates  (that  is,  the  total  debt 
charges  less  the  rents  and  improvement  charges),  which  in 
1935136  amounted  to  $295,650,  will  be  reduced  as  loan  charges 
fall  out.  In  the  year  1955-56,  it  is  anticipated  that  there  will  be 
a  small  surplus  of  $9,733.  This  and  ensuing  surpluses  will  be  a 
credit  to  rate  account  year  by  year.  A  large  part  of  the  debt 
will  be  retired  in  1961-62,  so  that  the  total  debt  charges  in  that 
year  will  decrease  by  about  $555,642.  For  1965-66  the  surplus 
for  the  year  is  estimated  at  $699,438,  increasing  later  to  $710,509, 
the  debt  being  finally  paid  off  in  1987-88.7 

Before  general  conclusions  can  be  drawn,  however, 
as  to  any  results  obtained  through  recoupment,  five 
elements  should  be  carefully  investigated  and  consid- 
ered: (1)  Actual  amounts  used  as  costs  and  recoveries, 
(2)  extent  of  the  use  of  condemnation,  (3)  number  of 
parcels  involved,  (4)  types  of  property  taken,  and  (5) 
nature  of  the  improvements. 

A  study  of  these  examples  requires  a  careful  analysis 
of  the  costs.  When  reference  is  made  to  an  "excess 
condemnation"  enterprise,  a  certain  amount  is  usually 
reported  as  the  original  cost  to  the  public,  and  another 
amount  as  the  sum  recovered.  The  cost  reported  may 
be  only  the  amount  paid  to  the  property  owners  and 
may  fail  to  include  such  items  as  real  estate  com- 
missions and  court  costs,  which  are  usually  high  in 
condemnation  cases.  The  total  outlay  which  should  be 
offset  against  the  total  recoveries  from  the  sales  of 
property  may  be  considerably  more  than  the  reported 
original  amounts  paid  to  property  owners. 

Another  financial  element  which  needs  examination 
is  the  amount  received  for  the  property.  Each  enter- 
prise should  be  studied  to  see  how  much  property  has 
actually  been  sold  and  how  much  still  remains  in  the 
hands  of  the  public.  For  example,  it  may  be  said,  as 
a  result  of  a  certain  condemnation  transaction,  thai  the 
city  received  $100,000.  A  further  investigation  of  this 
amount  may  disclose  that  the  city  has  perhaps  received 
only  $50,000  in  cash  and  has  on  hand  land  which  has 
been  estimated  at  a  value  of  $50,000.  The  yield  from  a 
recoupment  enterprise  should  not  be  considered  as 
final  until  disposition  has  been  made  of  all  the  property 
acquired. 

IMPROVEMENTS  MAY  CREATE  NEW  VALUES  OR  CAUSE  SHIFT  OF 

VALUES 

The  extent  to  which  condemnation  is  actually  used 
should  be  determined  in  analyzing  the  results  on  various 
improvements.  In  the  Fairmount  Parkway  Improve- 
ment in  Philadelphia,  it  was  necessary  to  acquire  ap- 
proximately 1,000  parcels  of  land.  All  but  three  of 
these  were  obtained  through  direct  negotiation.  Most 
of  the  land  in  many  enterprises  may  thus  have  been 
acquired  through  normal  acquisition,  ami  condemna- 
tion resorted  to  only  in  obtaining  a  few  remaining 
tracts.  It  is  incorrect  to  credit  the  success  of  under- 
takings to  excess  condemnation  in  those  cases  which 
involve  condemnation  only  incidentally.  The  financial 
success  may  be  credited  to  the  land  obtained  by  pur- 
chase rather  than  to  that  taken  by  condemnation. 

An  analysis  should  also  be  made  of  the  number  of 


i  The  dollar  values  shown  are  based  on  the  pound  value  at  $4.866.1. 


parcels  involved  in  condemnation  undertakings.  Since 
there  are  certain  definite  charges  to  be  met  in  connec- 
tion with  each  individual  acquisition,  such  as  title 
search,  recording,  and  appraisal  fees,  the  acquisition 
of  a  few  large  tracts  requires  less  incidental  expenditure 
than  the  acquisition  of  numerous  small  parcels.  This 
is  particularly  true  in  condemnation  cases,  where  court 
costs  must  be  added  to  the  other  incidental  expenditures. 

An  adequate  analysis  of  the  value  of  property  ac- 
quired by  condemnation  before  and  after  the  improve- 
ment is  also  required.  If  the  dominant  utility  of  the 
land  is  materially  increased  by  the  development,  a  sub- 
stantial increase  in  value  may  result.  Examples  are 
the  Northumberland  Avemie  opening  in  London  in 
1876,  and  the  Michigan  Avenue  widening  in  Chicago  in 
1920.  In  the  Northumberland  Avenue  project,  a  new, 
short  street  connecting  two  business  areas  was  created. 
The  territory  traversed  was  unimproved.  All  the  land 
appears  to  have  been  bought  from  one  owner.  Land 
formerly  vacant  was  turned  into  good  business  sites  and 
a  profit  of  approximately  $595,000  was  made  through  the 
sale  of  excess  land  (3).  In  the  case  of  Michigan  Avenue, 
a  narrow  street  lined  by  warehouses,  loft  buildings,  and 
wholesale  establishments,  became  a  major  artery  suit- 
able for  a  high  class,  retail  business  section.  An  inten- 
sive new  development  occurred  with  a  temporary  maxi- 
mum appreciation  of  2,500  percent  over  the  former 
value  {33). 

Finally,  a  study  of  the  nature  of  the  improvement  is 
also  essential  since  the  character  of  the  improvement 
itself  can  affect  the  extent  and  value  of  the  increment. 
The  development  may  consist  either  of  improving 
existing  facilities  or  creating  entirely  new  ones.  For 
example,  a  highway  project  may  consist  of  widening  or 
improving  an  existing  road  or  street,  or  it  may  consist 
of  cutting  a  new  highway  through  an  area  where  normal 
development  has  been  hampered  through  lack  of  trans- 
portation facilities.  Where  a  new  facility  is  created,  an 
increase  in  land  values  mav  be  expected. 

The  London  experience  demonstrates  that  a  greater 
percentage  of  the  cost  of  the  improvement  can  be  re- 
covered when  a  new  street  is  opened  than  when  existing 
thoroughfares  are  widened.  In  street  improvements 
made  by  the  Metropolitan  Board  of  Public  Works  of 
London,  the  recoupment  obtained  where  existing 
thoroughfares  were  widened  was  24  percent  of  the  gross 
cost  and  32  percent  of  the  net  cost  of  the  undertakings, 
whereas  in  the  construction  of  the  new  streets,  48  per- 
cent of  the  gross  cost  and  88  percent  of  the  net  cost  was 
recovered.   (3) 

Of  the  three  methods  outlined  above,  the  first  (sale  or 
lease  of  property  acquired  incidentally)  and  the  second 
(sale  or  lease  of  property  acquired  under  public  land 
funds  or  authority  specifically  for  the  purpose  of  re- 
sale) do  not  involve  the  principle  of  recoupment  con- 
demnation. The  use  of  this  term  should  properly  be 
limited  to  the  third  method.  While  most  authorities 
on  the  subject  carefully  make  this  distinction,  some 
writers  have  referred  to  recoveries  made  under  incidental 
sales  or  through  the  operation  of  a  public  land  fund  as 
examples  of  the  savings  made  through  "excess  con- 
demnation." For  example,  in  an  analysis  prepared  for 
the  Wisconsin  Legislature,  (3£)  the  operation  of  the 
public  land  funds  of  Ulm  and  Dusseldorf  are  cited  as 
demonstrations  of  what  can  be  done  under  the  scheme 
of   excess  condemnation. 

Experience  indicates  that  the  difficulties  inherent  in 
condemnation  are  such  as  to  render  its  use  impractical 
when   many   properties   are  involved.     Condemnation 
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may  be  a  lengthy  and  tedious  process  and  litigation 
may  last  for  years.  In  Milwaukee,  land  acquisition 
for  the  Kilbourn  Avenue  development  was  started  in 
April  1932  under  the  Kline  law.  However,  the  legality 
of  the  proceeding  was  questioned,  and  it  was  not  until 
December  1938,  that  the  Wisconsin  Supreme  Court 
gave  the  decision  sustaining  the  procedure. 

Another  limitation  is  the  fact  that  apparently  high, 
if  not  exorbitant,  awards  are  frequently  given  by  juries 
in  condemnation  cases.  In  certain  improvements  made 
in  Paris  between  1852  and  1869,  where  condemnation, 
or  compulsory  taking,  was  used,  the  city  recovered  only 
about  one-fourth  of  the  amount  it  originally  paid  for  the 
land.  This  was  attributed  largely  to  the  high  awards 
allowed  by  the  jury. 

Experience  with  the  London  improvements  indicates 
"that  owners  of  property  are  tempted  to  make  arrange- 
ments in  the  wa}7  of  new  lettings  or  improvements,  as 
soon  as  it  is  known  that  an  improvement  is  contem- 
plated along  their  holdings,  so  as  to  fleece  the  city 
In  some  instances,  the  money  thus  exacted  has  enor- 
mously increased  the  cost  of  the  work."  (3)  A  summary 
of  the  results  in  various  recoupment  acquisitions  is 
given  in  table  2. 

Table  2. — Summary  of  reported  costs  and  recoveries  in  selected 
recoupment  enterprises 


Nature  and  location  of  im- 
provement 


Baron  Hausmann  Blvd., 
development  of  56.25  miles 
of  improved  streets,  Paris ' 

26  streets  widened  by  Metro- 
politan Board  of  Public 
Works,  London' 

16  new  streets,  London  2_._ 

3  Thames  embankments, 
London  2 

16  slum  clearances,  London  2 

43  highways,  1  slum  clear- 
ance, London2 

St.  Lawrence  Blvd.  exten- 
sion, Cartier  St.  opening 
George  Etienne  Cartier 
Sq.  development,  Mont- 
real ' 

Devonshire  Court  opening, 
Rochester,  N.  Y.s 


Date 


1855-99 
1855-99 


ls.15   '.111 
1876-84 


I  S.V.I     11113 


1912 
1919 


I     ..til     CM.  I 


Amount 
recovered 


Net  cost 


$259,  400,  000  $66,  200,  000  $193.  200,  000 


26,  375,  820 
35,  117.265 


76,  797,  445 
8,  349,  995 


6,  409,  290 
16,722,365 

26,  230,  530 
1.755,030 


44.246.125    23,511,740 


872,  728 
17,  224 


927,  325 
18,  750 


19, ,5311 

18,394,900 

50,566,915 
6,  594,  965 

20,  734,  385 


-54,597 
-1,526 


Per- 
centage 
rec<i\ - 

ered 


24.3 
47.6 


34.2 
21.0 


106.  3 
108.9 


1  Robert  E.  Cushman,  Excess  Condemnation. 

2  (3). 

3  A.  L.  Veddor,  The  Use  of  Excess  Condemnation  in  the  Opening,  Widening,  and 
Extension  of  Streets,  Proceedings,  American  Society  of  Civil  Engineers,  Sept.  1925, 
p.  1420. 

INCREMENT    TAX   MORE   WIDELY   USED  IN    EUROPE  THAN   IN   THE 
UNITED  STATES 

One  of  the  means  of  conserving  for  the  public  good 
some  of  the  increased  value  created  by  public  improve- 
ments is  the  increment  tax.  This  tax  upon  the  increase 
in  land  value  may  be  imposed  in  two  ways.  It  may  be 
imposed  periodically  or  at  the  time  of  transfer.  When 
the  tax  is  imposed  periodically,  valuations  are  made  at 
stated  intervals.  Under  the  other  plan  a  tax  is  levied 
at  the  time  of  a  sale,  lease,  or  inheritance.  This  method 
of  taxation  is  quite  common  in  Europe.  It  differs  from 
a  special  assessment  in  that  a  special  assessment  is  a 
charge  made  to  defray  the  cost  of  a  particular  improve- 
ment. The  increment  tax  is  based  on  the  theory  that, 
either  through  a  specific  improvement  or  through  gen- 
eral development,  an  unearned  increment  in  value  has 
been  realized,  and  that  this  increase  should  inure  to  the 
public. 

While  income  and  inheritance  taxes  in  the  United 
State  may  be  considered  to  a  certain  extent  as  incre- 
ment taxes,  there  are  basic  differences  in  the  European 


and  American  plans  of  taxation  that  cause  the  incre- 
ment tax  on  real  estate  to  be  more  suitable  for  European 
countries  than  for  the  United  States.  The  primary 
difference  is  that  in  this  country  the  basis  for  general 
taxation  is  the  value  of  property,  while  in  Europe  the 
basis  is  the  income  from  property. 

Extensive  recovery  of  the  cost  of  improvements  in  the 
United  States  is  sometimes  obtained  by  use  of  the 
special  assessment  principle,  which  is  peculiarly  an 
American  doctrine.  While  the  use  of  special  assess- 
ments is  subject  to  grave  and  legitimate  criticism,  it 
has  proved  a  practical  way  of  collecting  from  the  prop- 
erty owner  a  part  or  all  (and  sometimes  even  more), 
of  the  increment  in  the  value  of  the  property  re- 
sulting from  the  public  improvements.  A  few  examples 
will  illustrate  returns  to  the  public  obtained  through 
special  assessments 

For  the  fiscal  year  ending  June  30,  1930,  the  city  of 
Detroit  received  $10,425,458  in  benefit  charges  (35),  of 
which  $6,925,500  (36)  was  for  highways.  In  1930,  in 
Wayne  County,  Mich.,  8.5  miles  of  the  Schoolcraft 
204-foot  superhighway,  known  as  Assessment  District 
Road  No.  11,  and  9  miles  of  the  120-foot  Inkster  Road, 
known  as  Assessment  District  Road  No.  14,  were  built 
and  financed  largely  through  benefit  charges  (36). 
Wayne  County,  in  1930,  proposed  a  superhighway  plan 
in  which  the  right-of-way  would  cost  $100,000,000.  Of 
this  cost,  $20,000,000  would  be  defrayed  by  special 
assessments  (37). 

In  Chicago,  in  the  year  19:50  alone,  the  city's  net  bills 
to  property  owners  totalled  $34,504,100  for  benefits 
resulting  from  previous  street  developments,  and  in 
addition  a  large  part  of  its  current  highway  costs  of 
$75,895,800  was  defrayed  through  street  improvement 
bonds  (38).  During  the  10  years  from  December  31, 
1922,  to  December  31,  1932,  the  total  special  assess- 
ments recorded  in  the  city  of  Chicago  amounted  to 
$268,908,825  (39).  Herbert  D.  Simpson  has  estimated 
that  in  the  10  years  preceding  1930  the  people  of  the 
United  States  had  spent  approximately  $7,000,000,000 
on  public  improvements  in  the  form  of  streets,  highways, 
parks,  and  reclamation  and  irrigation  projects;  that  of 
this  cost  approximately  $2,500,000,000  was  levied  in  the 
form  of  special  assessment  charges  upon  the  land 
affected;  and  that  the  cities  in  the  United  States  of 
30,000  population  or  more  had  spent  more  than  $2,000,- 
000,000  on  highway  improvements  alone  and  more  than 
half  of  tliis  was  financed  in  the  form  of  special  assess- 
ments on  the  land  affected  (33). 

The  park  svstem  of  Kansas  City,  Mo.,  up  to  June  30, 
1930,  cost  $25,500,000.  This  park  system  was  financed 
by  special  assessments  (40). 

The  figures  presented  are  taken  from  investigations 
of  special  assessments  on  improvements  inaugurated 
during  the  period  1920  to  1930  which  may  well  be  con- 
sidered the  period  of  greatest  use  of  this  method  of 
defraying  public  costs.  However,  a  large  portion  of 
public  costs  is  still  being  recovered  through  special 
assessments.  For  instance,  New  York  City  issued 
$44,700,000  of  assessment  bonds  for  street  improve- 
ments and  street  and  park  openings  from  December 
31,  1938,  to  November  24,  1939  (41). 

Michigan  from  January  1,  1935,  through  1938 
floated  24  new  bond  issues  for  inter-county  Covert 
roads.  Of  the  total  amount  issued,  $2,324,872  was 
still  outstanding  in  1938,  a  portion  of  which  was  a 
liability  of  special  assessment  districts.  Though  the 
liability  of  the  assessment  districts  varies  from  20  to 
100  percent  for  each  of  the  several  bond  issues,  actually 
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allocations  of  State  receipts  from  the  automobile 
registration  and  gasoline  taxes  are  used  to  pay  debt 
interest  and  retirement,  thus  relieving  practically  all 
of  the  property  owners  in  the  special  assessment  dis- 
tricts of  this  burden  (41)-  Likewise,  on  the.  Kil bourn 
Avenue  development  in  Milwaukee,  the  total  asses- 
sable cost  was  estimated  to  be  between  $3,926,000  and 
$4,024,000  as  of  December  1938  (42). 

Although  these  examples  show  that  special  assess- 
ments are  still  being  used  quite  generally  and  effectively 
to  conserve  to  the  public  some  of  the  value  created 
through  public,  enterprises,  use  of  this  method  of 
recovery  is  not  as  general  as  it  was  about  1930.  Local 
expenditures  for  public  improvement  have  been  sub- 
stantially curtailed  in  the  past  decade,  and  a  large 
amount  of  local  expenditures  has  been  replaced  by 
FERA,  PWA,  and  WPA  funds. 


PUBLIC   IMPROVEMENTS    DO   NOT  ALWAYS    INCREASE    ADJACENT 
PROPERTY  VALUES 

It  is  generally  believed  that  public  improvements 
tend  to  increase  adjacent  property  values.  For 
instance,  along  California  State  Highway  26  east  of 
Los  Angeles,  a  strip  of  lots  was  offered  for  sale  in  1934 
at  $200^  to  $250  per  lot.  After  improvement  of  this 
traffic  artery,  these  same  lots,  less  a  30-foot  strip  which 
was  donated  to  the  State,  sold  at  $500  to  $1,500  per 
lot  (43).  _ 

In  Chicago,  the  Blue  Book  of  Land  Values  indicates 
that  residential  property  on  boulevards  is  worth  twice 
as  much  per  front  foot  as  property  only  a  short  dis- 
tance away.  A  spectacular  increase  in  land  values 
followed  the  widening  of  Michigan  Avenue  in  Chicago. 
"While  the  initial  Michigan  Avenue  improvement  cost 
$16,000,000  it  added  $100,000,000  to  property  values" 
(33). 

A  memorandum  of  the  City  Club  of  New  York  of 
October  2,  1908,  to  the  Board  of  Estimate  and  Public 
Service  Commission  stated  that  from  1900  to  1910  the 
land  from  One  Hundred  Thirty-fifth  Street  to  Spuytin 
Duyvil  increased  $49,200,000  in  value  due  to  the  con- 
struction of  the  subway,  while  the  entire  cost  of  the 
subway  was  but  $43,000,000  (44). 

Such  examples  have  led  to  the  erroneous  assumption 
that  all  public  improvements  directly  cause  an  increase 
in  value  of  adjacent  property.  However,  it  is  only 
when  an  improvement  is  well  planned  and  when 
adjacent  property  has  not  been  intensively  developed 
that  a  public  improvement  may  create  or  stabilize 
values  in  its  vicinity.  An  apparent  increase  or  decrease 
in  values  may  upon  analyses  be  found  to  consist  of  a 
shift  of  values  from  one  locality  to  another. 

Statements  concerning  the  effect  of  public  improve- 
ments on  land  values  are  found  in  the  writings  of  various 
authorities.     Ely  and  Morehouse  have  stated  (45): 

The  effect  of  a  city's  expenditures  for  public  improvements, 
such  as  streets  and  parks,  is  to  strengthen  a  rising  movement  of 
land  values  established  by  other  causes.  Independently  of  other 
factors,  public  improvements  ordinarily  do  not  cause  increased 
values,  but  when  joined  with  other  influences  they  have  an 
effect  in  that  direction. 

A  study  of  land  values  in  New  York  City  in  relation 
to  transit  facilities  was  made  in  1930  by  Edwin  H. 
Spengler.  His  study  was  prompted  by  the  assumption 
of  various  commissions  and  public  bodies  that  exten- 
sion of  rapid  transit  facilities  directly  and  inevitably 
increases  the  value  of  urban  land.  After  an  exhaustive 
investigation,  he  came  to  the  following  conclusions  (44) : 


1.  The  building  of  subways  in  New  York  has  been 
accompanied  by  shifts  in  land  values  from  one  part  of 
the  city  to  another;  values  have  been  transferred  rather 
than  increased. 

2.  Certain  influences  upon  land  values  have  fre- 
quently caused  decreases  which  have  exceeded  the  in- 
creases resulting  from  the  opening  of  new  transit 
facilities. 

3.  Centers  of  population  tend  to  form  and  grow, 
thus  enhancing  the  value  of  such  centers  at  the  expense 
of  other  areas. 

4.  Land  along  transit  routes  changes  in  value  depend- 
ing upon  the  character  of  growth  of  the  whole  area 
through  which  the  routes  pass.  These  values  rise 
substantially  in  regions  that  show  rapid  expansion, 
change  little  in  somewhat  "settled"  areas,  and  drop  in 
regions  that  undergo  a  general  decline. 

5.  A  development  stimulating  the  demand  for  land 
in  a  certain  locality  will  have  the  effect  of  increasing 
land  values.  This  may  take  place  during  the  con- 
struction of  a  transit  line,  directly  after  its  opening,  or 
many  years  after  its  construction.  The  increase  may 
even  occur  in  a  territory  not  directly  supplied  with 
special  transit  facilities  but  accessible  from  regions  so 
supplied. 

6.  Instead  of  being  considered  a  cause  of  land  value 
changes,  a  transit  line  should  more  properly  be  re- 
garded as  a  facility  which  permits  or  fosters,  under 
certain  circumstances,  an  emergence  of  land  values, 
the  values  being  determined  largely  by  other  factors. 

The  same  general  conclusions  were  reached  by 
Herbert  D.  Simpson  (33).  He  has  stated  that  increases 
in  land  supply  through  increased  accessibility,  avail- 
ability, and  usability  because  of  transportation  develop- 
ment, public  improvements,  and  other  factors  most 
normally  tend  to  decrease  total  land  values;  that  is, 
these  factors  tend  to  abstract  from  existing  values  more 
than  they  add  in  the  form  of  new  land  values,  but  that 
this  effect  has  largely  been  concealed  by  a  general  ap- 
preciation of  land  values  during  the  last  two  or  three 
decades.  He  cites  his  investigation  of  the  Michigan 
Avenue  development  and  states  that  this  improvement 
created  an  appreciation  in  value  of  $104,290,000  on 
the  west  side  of  Michigan  Avenue  from  Randolph 
Street  northward  to  Pearson  Street  and  was  accom- 
panied by  a  depreciation  of  $609,198,420  on  the  west 
side  of  Michigan  Avenue  from  Congress  Street  south- 
ward to  31st  Street. 

Examples  previously  cited  show  that  normally  there 
may  be  an  increment  of  value  in  connection  with  a 
highway  development.  To  a  certain  extent,  the  rela- 
tive amount  of  this  increment  will  vary  inversely  with 
the  length  of  the  improvement.  That  is,  as  the 
length  of  the  development  increases  the  percentage  of 
value  increment  decreases. 

A  major  highway  development  may  open  more  terri- 
tory than  can  be  absorbed  immediately  and  lead 
to  premature  and  uneconomic  subdivision.  Although 
an  increment  of  value  may  result  from  a  public  im- 
provement, and  although  the  public  can  conserve  this 
increment  for  itself  either  through  the  acquisition  of 
excess  land,  the  operation  of  a  public  land  fund,  or  the 
imposition  of  special  assessments,  it  can  do  so  only 
after  careful  planning  and  investigation. 

SUMMARY 

Increasing  interest  is  being  directed  toward  acquiring 
wider  rights-of-way  for  highways.     This  is  primarily 
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due  to  the  fact  that  necessary  improvements  can  fre- 
quently be  accomplished  only  by  cutting  through 
highly  developed  areas.  Considerable  thought  should 
be  given  to  the  various  methods  of  acquiring  land  so 
that  maximum  usefulness  and  utility,  together  with 
provision  for  future  needs,  may  be  obtained  from  any 
given  improvement.  This  article  has  attempted  to 
show,  by  distinguishing  between  marginal  and  recoup- 
ment acquisition,  the  effect  of  various  procedures  which 
may  be  followed  in  land  acquisition  and  their  ad- 
vantages and  limitations,  as  well  as  to  show  means  by 
which  the  public  may  conserve  for  itself  any  increment 
in  property  values  resulting  from  the  improvement. 

A  consistent  policy  of  marginal  land  acquisition  may 
be  effective:  (1)  In  solving  the  economic  and  general 
community  problem  of  handling  land  remnants  created 
as  a  result  of  street  or  highway  improvement;  (2)  in 
eliminating  or  reducing  consequential  damages;  (3)  in 
preventing  excessive  damage  costs  in  present  and  future 
development;  (4)  in  conserving  property  values  and 
protecting  public  improvements;  (5)  in  avoiding  traffic 
hazards;  and  (6)  in  facilitating  the  conversion  of  main 
through  routes  into  freeways. 

Recoupment  may  be  realized  through  the  sale  or 
lease  of  incidentally  acquired  property  or  the  sale  or 
lease  of  property  specifically  acquired  under  public 
land  funds  or  authority.  While  recoupment  acquisition 
when  used  in  connection  with  the  power  of  eminent 
domain  may  actually  result  in  lowered  costs  for  the 
improvement,  such  acquisitions  should  not  be  used 
indiscriminately  since  the  success  of  the  method  de- 
pends upon  the  extent  of  the  condemnation,  the  number 
of  parcels  involved,  and  the  nature  of  the  improvement. 

Although  several  States  have  constitutional  authority 
which  permits  them  to  acquire  excess  lands  under  the 
power  of  eminent  domain,  and  a  number  of  States  have 
statutory  authority,  investigations  show  that  this  power 
is  being  used  only  to  a  limited  extent. 

Up  to  this  time  the  courts  have  dealt  with  the  con- 
stitutionality of  marginal  land  condemnations  under 
limited  conditions  presented  by  specific  cases  rather 
than  on  the  basis  of  the  broad  principles  involved. 

The  increment  tax  and  special  assessments  are  other 
methods  by  which  governmental  agencies  may  recover 
part  of  the  increased  values  resulting  from  a  street  or 
road  improvement.  The  former  has  not  been  used 
extensively  in  the  United  States.  Although  special 
assessments  are  not  employed  as  extensively  now  as 
they  were  10  years  ago,  they  are  still  being  used  in 
financing  many  street  improvements. 


REGISTRATION  OF  ALIENS  BEING  MADE 

As  part  of  the  National  Defense  program,  a  Nation- 
wide registration  of  aliens  is  being  conducted  from 
August  27  through  December  26,  1940,  by  the  Immi- 
gration and  Naturalization  Service  of  the  Department 
of  Justice.  Registration  will  take  place  in  the  post 
offices  of  the  nation. 

Registration  is  made  compulsory  by  a  specific  act  of 
Congress,  the  Alien  Registration  Act  of  1940,  which 
requires  all  noncitizens  to  register  during  the  4-month 
official  registration  period.     The  law  requires  that  all 


aliens  14  years  or  older  are  to  be  registered  and  finger- 
printed. Alien  children  under  14  years  of  age  will  be 
registered  by  their  parents  or  guardians.  When  alien 
children  reach  their  fourteenth  birthday,  they  will  be 
required  to  register  in  person  and  be  fingerprinted. 

A  fine  of  $1,000  and  imprisonment  of  6  months  is  pre- 
scribed by  the  Alien  Registration  Act  for  failure  to 
register,  for  refusal  to  be  fingerprinted,  or  for  making 
registration  statements  known  to  be  false. 

As  part  of  its  educational  program  to  acquaint  non- 
citizens  with  the  registration  requirements,  the  Alien 
Registration  Division  has  distributed  more  than  5  mil- 
lion specimen  forms  listing  the  questions  asked  of  aliens 
at  registration  time.  Besides  the  usual  questions  for 
establishing  identification,  the  questionnaire  asks  the 
alien  to  tell  how  and  when  he  entered  the  country,  the 
method  of  transportation  he  used  to  get  here,  the  name 
of  the  vessel  on  which  he  arrived. 

To  make  their  registration  easier,  aliens  are  being 
asked  to  fill  out  sample  forms  and  take  them  to  post 
offices  where  they  will  be  registered  and  fingerprinted. 
Every  registered  alien  will  receive  by  mail  a  receipt  card 
which  serves  as  evidence  of  his  registration.  Following 
registration,  the  act  requires  all  aliens,  as  well  as  par- 
ents or  guardians  of  alien  children,  to  report  changes  of 
residence  address  within  five  days  of  the  change. 

The  Alien  Registration  Act  was  passed  so  that  the 
United  States  Government  may  determine  exactly 
how  many  aliens  there  are,  who  they  are,  and  where 
they  are.  The  act  provides  that  all  records  be  kept 
secret  and  confidential.  They  will  be  available  only  to 
persons  approved  by  the  Attorney  General  of  the  United 
States. 

Fingerprinting  of  aliens  carries  no  stigma  whatsoever. 
Members  of  the  United  States  Army  and  Navy  are  all 
fingerprinted,  as  are  many  Government  workers. 
Because  fingerprinting  is  the  only  infallible  method  of 
accurate  identification,  the  United  States  Government 
has  adopted  it  as  part  of  its  registration  program. 

The  Immigration  and  Naturalization  Service  asks  for 
the  cooperation  of  all  citizens  in  carrying  out  the  Alien 
Registration  program  in  a  friendly  manner  so  that  our 
large  foreign  population  is  not  antagonized.  It  is  sug- 
gested that  citizens  may  be  of  great  help  to  their  non- 
citizen  neighbors  or  relatives  by  explaining  to  those  who 
do  not  speak  English  well  what  the  registration  is,  where 
aliens  go  to  register,  and  what  information  they  must 
give. 


HIGHWAY  RESEARCH  BOARD  WILL  MEET  IN 
DECEMBER 

The  Twentieth  Annual  Meeting  of  the  Highway 
Research  Board  of  the  National  Research  Council  will 
be  held  in  Washington,  D.  C,  Wednesday  through 
Friday,  December  4-6,  1940. 

Reports  on  highway  research  investigations  will  be 
presented,  and  the  formal  meetings  of  the  Board  will  be 
supplemented  with  open  meetings  for  informal  discus- 
sion. 

Meetings  of  the  various  committees,  many  of  which 
will  be  open  to  the  public,  will  be  held  December  2  and 
3.  A  program  of  reports  will  be  announced  by  the 
Board  about  November  1. 
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DESIGNING  CONCRETE  MIXTURES  FOR 

PAVEMENTS 

BY  THE  DIVISION  OF  TESTS,  PUBLIC  ROADS  ADMINISTRATION 

Reported  by  W.  F.  KELLERMANN,  Materials  Engineer 


THE  PURPOSE  of  this  report  is  to  describe  a 
method  of  investigating  the  flexural  strength  of 
concrete  in  connection  with  the  problem  of  design- 
ing concrete  mixtures  for  pavements  and  to  present  the 
results  of  a  series  of  laboratory  tests  which  demonstrate 
how  flexural  strength  may  vary  over  a  wide  range  due  to 
the  characteristics  of  the  aggregates  employed. 

All  pavement  concrete,  particularly  that  laid  in  the 
Northern  States,  must  be  designed  so  as  to  afford  maxi- 
mum resistance  to  weathering  agencies.  Assuming  that 
the  constituent  materials  are  durable,  it  is  generally 
agreed  that  this  may  be  accomplished  either  by  placing 
a  maximum  limit  on  the  water-cement  ratio  or  by 
requiring  a  cement  content  sufficiently  high  to  insure 
that  the  maximum  allowable  water  content  will  not  be 
exceeded.  The  necessity  for  limiting  the  water-cement 
ratio  to  insure  durability  applies  to  all  concrete  exposed 
to  the  weather. 

Insofar  as  strength  characteristics  are  concerned, 
concrete  for  most  purposes  need  only  be  investigated  for 
compressive  strength.  However,  compressive  strength 
is  not  of  primary  importance  in  concrete  for  pavement 
slabs  because  of  the  character  of  the  stresses  to  which 
such  slabs  are  subjected.  Live  loads  and  changes  in 
temperature  and  moisture,  either  alone  or  in  combina- 
tion, produce  tensile  and  flexural  stresses  which  pave- 
ments must  resist  in  order  to  perform  the  function  for 
which  they  are  designed.  Of  the  two,  the  flexural 
stresses  are  the  more  important.  For  this  reason,  flexural 
or  bending  stresses  rather  than  compressive  stresses 
become  critical  in  cases  where  the  concrete  mixture  is  to 
be  designed  for  use  in  highway  pavements.  Therefore 
the  designer  of  concrete  paving  mixtures  must  give 
consideration  not  only  to  the  factors  that  affect  dura- 
bility but  also  to  those  variables  that  affect  flexural 
strength. 

TESTS  MADE  TO  DETERMINE  CEMENT  FACTOR  FOR  VARIOUS 
COMBINATIONS  OF  AGGREGATES 

The  specifications  for  pavement  concrete  of  the 
American  Association  of  State  Highway  Officials  specify 
that  the  proportions  shall  be  based  on  laboratory  tests 
and  shall  be  such  that,  in  the  judgment  of  the  engineer, 
they  will  assure  durable  concrete  of  the  plasticity  and 
workability  required,  and  which  will  attain  at  the  age 
of  14  days  a  modulus  of  rupture  not  less  than  550 
pounds  per  square  inch  when  tested  by  the  third  point 
method  of  loading.  In  order  to  assure  durability  it  is 
further  specified  that  the  net  water-cement  ratio  shall 
in  no  case  exceed  0.80  by  volume  (6.0  gallons  per  sack 
of  cement) . 

The  tests  reported  in  this  paper  were  made  in  an 
investigation  of  the  design  of  concrete  mixtures  in  which 
25  different  combinations  of  fine  and  coarse  aggregate 
were  used,  the  requirement  being  compliance  with  the 
above  specifications.  The  work  was  done  in  the  labora- 
tory of  the  Public  Roads  Administration  during  1936 
at  the  request  of  the  State  Highway  and  Public  Works 
Commission  of  North  Carolina.     The  purpose  was  to 
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establish  the  cement  factor  required  for  various  com- 
binations of  available  aggregates,  the  information  thus 
obtained  to  be  used  as  the  basis  for  bidding.  Seven 
sands  and  13  coarse  aggregates,  all  commercially  avail- 
able in  North  Carolina,  were  investigated.  The  25 
combinations  of  materials  were  selected  on  the  basis 
of  economic  availability  and  represented  practically  all 
combinations  of  aggregates  that  were  likely  to  be  en- 
countered in  practice  in  that  State. 

As  will  be  noted  from  table  1  the  sands  varied  in 
grading  over  a  wide  range,  the  fineness  modulus  of  the 
finest  being  2.12  and  that  of  the  coarsest,  3.37.  All 
coarse  aggregates  were  separated  into  three  sizes  and 
recombined  for  test  in  accordance  with  the  grading 
shown  in  table  2,  the  maximum  size  being  2  inches. 
This  table  also  gives  the  mineral  composition  of  both 
the  fine  and  coarse  aggregates  as  well  as  their  physical 
properties.  One  lot  of  cement,  meeting  all  A.  S.  T.  M. 
requirements,  was  used  throughout. 

In  order  to  determine  the  required  cement  content 
for  each  combination  of  materials  it  was  decided  to 
establish  directly  the  relation  between  cement  content 
and  flexural  strength  at  14  days,  using  mixtures  with 
five  different  cement  factors  as  follows:  4.4,  5.2,  6.0, 
6.8,  and  7.2  sacks  of  cement  per  cubic  yard  of  concrete. 
This  procedure  also  afforded  an  opportunity  to  establish 
the  corresponding  relations  between  water-cement  ratio 
and  flexural  strength. 


Table   1. — Sieve 

analysis  of  fine  aggregates  for 
using  North  Carolina  aggregates 

concrete  mixes 

Fine  aggregate 

Percentage  retained  on  sieve  no. — 

Fineness 

4 

8 

16 

30 

50 

100 

modulus 

1 

0 

0 
.5 
.2 

0 
.1 
.3 

0 
0 

4.0 
4.  1 
7.3 
7.1 
14.6 

2.8 
5.3 
19.6 
21.2 
26.8 
30.4 
44.2 

35.8 
42.8 
58.0 
63.2 
62.1 
68.3 
81.2 

77.3 
79.4 
93.1 
93.2 
89.3 
91.0 
97.6 

95.9 
94.4 
99.4 
99.0 
97.2 
98.4 
99.4 

2.12 

2.. _ 

2.22 

3 

2.75 

4. 

2.  SI 

5 

2.83 

6 

2.95 

7__ 

3.37 

The  decision  to  design  the  mixes  on  the  basis  of  a 
fixed  cement  factor  rather  than  by  the  use  of  fixed 
water-cement  ratios  was  made  because  of  the  fact  that 
in  the  North  Carolina  specifications  the  final  pro- 
portions are  stated  in  terms  of  a  fixed  cement  factor  for 
each  aggregate  combination.  The  problem,  therefore, 
resolved  itself  into  one  of  designing  125  different 
concrete  mixes:  Five  cement  contents  with  each  of  the 
25  combinations  of  aggregates.  The  problem  was  com- 
plicated by  the  fact  that  both  angular  and  rounded 
coarse  aggregates  were  used  in  combination  with  sands 
graded  from  extremely  fine  to  extremely  coarse. 

In  keeping  with  North  Carolina  practice  the  different 
mixes  were  designed  with  a  view  to  maintaining  a 
minimum  of  sand  consistent  with  satisfactory  work- 
ability at  a  consistency  corresponding  to  a  slump  of 
2){  inches.  This  was  accomplished  by  making  numer- 
ous trial  batches,  the  ratio  of  fine  to  coarse  aggregate 
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Table  2. — Physical  properties  of  aggregates  for  concrete  mixes  using  North  Carolina  aggregates 

STONE 


Aggn 

Type 

Bulk  spe- 
cific gravity 

Weight  per  cu.  ft.1 

Voids 

Absorp- 
tion 

Abrasion  loss 

Dry  rodded 

Dry  loose 

Dry  rodded    Dry  loose 

l 

LosAngeles2 

DevaP 

1 

Dolomite.    

do...                  ..         - 

2.85 
2.82 
2.79 
2.69 
2.65 
2.64 
2.63 
2.62 
2.62 

Pounds 
105 
103 
102 
101 
102 
102 
100 
95 
100 

Pounds 
97 
93 
92 
91 
93 
92 
91 
87 
90 

Percent 
41 
42 
41 
40 
38 
38 
39 
42 
■       39 

Percent 
45 
47 
47 
46 
44 
44 
44 
47 
45 

Percent 
0.27 
.56 
.44 
.46 
.46 
.58 
.52 
.28 
.44 

Percent 
30.4 
33.0 
21.1 
51.1 
53.5 
37.9 
58.4 
30.1 
41.9 

Percent 
4.3 

'.' 

5.0 

3 

Limestone    . 

2.6 

1 

Granite 

4.0 

5 

do 

2.6 

6 

.-..do 

2.4 

.do  --   .           .. 

3.9 

8 

do  --                                              

2.0 

i 

do 

3.6 

GRAVEL 


10 

Gneiss --     

Quartz .__  _ 

do 

2.67 
2.63 
2.63 
2.  63 

106 
111 
109 
111 

98 
103 
103 
104 

36 
32 
34 
32 

41 
37 
37 
37 

1.  19 
.22 
.28 
.32 

47.9 
53.7 
40.9 
54.9 

18.5 

11       

14.6 

12              

8.2 

13            

do... 

19.4 

SAND 


Quartz. 

do.. 

do.. 

.__. do. 

._..do. 

...do. 
--.do- 


2.64 
2.  63 
2.63 
2.64 
2.66 
2.64 
2.60 


100 


103 
101 
99 


91 

40 

45 

93 

39 

43 

93 

40 

43 

92 

40 

44 

97 

38 

42 

94 

39 

43 

94 

39 

42 

0.40 
.50 
.40 
.40 
.35 
.32 
.70 


1  All  coarse  aggregates  proportioned  to  give  following  grading  in  concrete.     Unit  weights  determined  for  this  grading:  p 

Total  retained  on  2-inch  sieve 0 

Total  retained  on  1}.  2-inch  sieve 15 

Total  retained  on  M-inch  sieve .   - -.  70 

Total  retained  on  No.  4  sieve 100 

Fineness  modulus 7.  75 

2  Grading  A  used  with  both  stone  and  gravel. 

3  Grading  A  used  with  gravel.    Stone  sample  consisted  of  50  pieces  weighing  5  kilograms. 


being  adjusted,  in  each  case,  until,  in  the  opinion  of  the 
operator,  the  minimum  sand  content  was  reached. 

The  final  proportions  for  each  of  the  5  cement  factors 
and  for  each  of  the  25  aggregate  combinations  are  shown 
in  table  3.  This  table  includes,  in  addition  to  the  mix 
proportions  by  weight,  the  water-cement  ratio  by 
volume,  the  value  of  \VC,  that  is,  the  volume  of  water 
in  a  unit  volume  of  concrete,  the  ratio  b/b0  as  defined 
by  Talbot  and  Richart,1  the  mortar  voids  ratio,2  the 
percentage  of  sand  by  weight,  the  fineness  modulus  of 
the  combined  aggregate,  and  the  resulting  slump  in 
inches. 

SEVERAL  THEORIES  OF  MIX  DESIGN  TRIED 

In  view  of  the  fact  that  it  was  necessary  to  design  25 
different  mixes  for  each  cement  content,  attempts  were 
made  to  apply  certain  theories  of  mix  design  to  the 
problem  of  determining  the  proper  percentage  of  sand 
to  use  in  each  case.  An  attempt  to  use  the  fineness 
modulus  theory  of  Abrams  3  proved  unsuccessful  due 
to  the  fact  that  a  fixed  value  for  maximum  permissible 
fineness  modulus  could  not  be  used,  even  in  the  case  of 
a  given  sand  combined  with  several  coarse  aggregates 
of  the  same  general  particle  shape. 

Next,  an  attempt  was  made  to  design  on  the  basis  of 
a  fixed  value  for  the  mortar  voids  ratio,  that  is,  a  con- 
stant excess  of  mortar  over  the  amount  necessary  to 

1  A.  N.  Talbot  and  F.  E.  Richart,  University  of  Illinois  Engineering  Experiment 
Station  Bulletin  137.  The  term  b/bo  is  defined  as  the  ratio  of  the  absolute  volume  of 
coarse  aggregate  in  a  unit  volume  of  concrete  (6)  to  the  absolute  volume  of  coarse 
aggregate  in  a  unit  volume  of  coarse  aggregate  (fto).  Stated  in  different  terms,  it  is  the 
apparent  volume  of  coarse  aggregate  in  a  unit  volume  of  concrete.  The  values  given 
in  table  3  are  on  a  dry-loose  basis. 

1  The  ratio  of  the  volume  of  mortar  in  a  unit  volume  of  concrete  to  the  volume  of 
the  voids  in  the  coarse  aggregate,  determined  in  a  dry-loose  condition. 

3  The  Design  of  Concrete  Mixtures,  by  D.  A.  Abrams.  Bulletin  No.  1,  Structural 
Mat.  rials  Research  Laboratory,  Lewis  Institute. 


fill  the  voids  in  the  coarse  aggregate.  This  was  found 
satisfactory  so  long  as  particle  shape  remained  reasona- 
bly constant.     However,  as  will  be  noted  in  table  3,  a 

Table  3. — Data  on  concrete  mixes  using  North  Carolina  aggregates 

CEMENT  FACTOR— 4.4  SACKS  PER  CUBIC  YARD 


Aggregate 

Fine- 
cess 
modu- 
lus of 
com- 
bined 
aggre- 

Proportions 
by  weight 

Water- 
cement 
ratio 
by  vol- 
ume 

II V 

6/6o 

Mor- 
tar 
voids 
ratio 

Sand  to 
total 
aggre- 
gate by 
weight 

Fine 

I  oarse 

Slump 

gate 

Pounds 

Percent 

Inches 

t       1 

94:254:548 

1.04 

0.169 

0.920 

1.19 

31.7 

5.88 

2.4 

1 

2 

94:264:524 

1.08 

.176 

.920 

1.18 

33.5 

5.79 

2.3 

1         3 

94:267:519 

1.06 

.173 

.920 

1.18 

34.0 

5.77 

2.3 

I       10 

94:226:553 

.97 

.158 

.920 

1.21 

29.0 

6.11 

2.5 

I        4 

94:256:514 

1.04 

.169 

.920 

1.  19 

33.2 

5.88 

2.5 

5 

94:240:526 

1.02 

.166 

.920 

1.20 

31.3 

6.01 

2.7 

6 

94:245:520 

1.01 

.164 

.920 

1.20 

32.0 

5.98 

2.5 

2 

7 

91:246:515 

1.02 

.166 

.920 

1.20 

32.3 

5.96 

2.4 

S 

94:263:492 

1.05 

.171 

.920 

1.19 

34.8 

5.83 

2.6 

9 

94:251:508 

1.02 

.166 

.920 

1.19 

33.1 

5.93 

2.4 

U 

94 :  2U5 :  583 

.86 

.140 

.920 

1.23 

26.0 

6.31 

2.6 

I       13 

91:200:587 

.86 

.140 

.920 

1.24 

25.4 

6.  35 

2.5 

1         4 

94:272:492 

1.07 

.174 

.880 

1.30 

35.6 

5.94 

2.4 

5 

91:263:501 

1.03 

.168 

.  .SMI 

1.31 

34.4 

6.02 

2.6 

3 

\         6 

94:263:497 

1.04 

.169 

.880 

1.31 

34.6 

6.02 

2.5 

7 

94:267:492 

1.03 

.168 

.880 

1.31 

35.2 

5.99 

2.4 

I         9 

94:272:486 

1.03 

.168 

.880 

1.30 

35.9 

5.96 

2.5 

4 

13 

94:224:550 

.95 

.155 

.860 

1.45 

28.9 

6.32 

2.6 

5 

{        I 

94:274:492 

1.01 

-.164 

.880 

1.31 

35.8 

6.00 

2.5 

94:276:486 

1.03 

.168 

.880 

1.3(1 

36.2 

5.98 

2.5 

1         4 

94:280:480 

1.10 

.179 

.860 

1.36 

36.8 

5.96 

2.4 

6 

(i 

94:277:486 

1.03 

.168 

.860 

1.37 

36.3 

6.01 

2.4 

1       11 

94:237:545 

.90 

.147 

.860 

1.44 

30.3 

6.30 

2.6 

7 

{       l! 

94:297:458 

1.04 

.169 

.820 

1.50 

39.3 

6.02 

2.3 

94:261:519 

.89 

.145 

.820 

1.59 

33.5 

6.27 

2.4 

1  Volume  of  water  per  unit  volume  of  concrete. 
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Table  3. — Data  on  concrete  mixes  using  North  Carolina  aggre- 
gates— Continued 

CEMENT  FACTOR— 5.2  SACKS  PER  CUBIC  YARD 


Aggregate 

Proportions 
by  weight 

Water- 
cement 
ratio 
by  vol- 
ume 

I!    r> 

6/6o 

Mor- 
tar 
voids 
ratio 

Sand  to 
total 
aggre- 
gate by 
weight 

Fine- 
ness 
modu- 
lus of 
com- 
bined 
aggre- 
gate 

Fine 

Coarse 

Slump 

I 

2 

i 

4 ... 

5 

6 

7 

1  1 
2 
3 

I       10 

(        4 
5 
6 

■  s 

9 

11 

{      13 

1        4 
5 

\        f> 
7 

1      y 

13 

f         7 
I         9 

t       11 

/         7 
I       12 

Povnds 

94:208:459 

94:216:438 

94:217:434 

94:183:463 

94:207:430 
94:199:438 
94:199:435 
94:202:430 
94:215:410 
94:205:425 
94:109:486 
94:162:491 

94:225:411 

94:217:420 
94:218:417 
94:218:412 
94:2'.'.'    in 7 

94:184:459 

94:224    H2 

94:224:407 

94:231:401 
94:224:407 
94:194:455 

94:243:382 
94:212:433 

0.87 
.91 
.90 
.82 

.89 
.85 
.86 
.86 
.89 
.86 
.72 
.73 

.89 
.85 
.85 
.87 
.87 

.79 

.  85 
.87 

.  92 

.88 
.76 

.88 

.70 

0.168 

.175 
.173 
.158 

.  171 
.164 
.166 
.166 
.  171 
.  [66 
.139 
.141 

.171 
.164 
.164 

.168 
.168 

.152 

.  164 
.168 

.177 

170 

.  146 

.170 
.146 

0.910 
.910 
.910 
.910 

.910 
.910 
.910 
.910 
.910 
.910 
.910 
.910 

.870 
.870 
.S70 
.  870 
.870 

.  850 

.870 

.870 

.850 
.850 
.  850 

.810 
.81(1 

1.22 
1.21 
1.21 
1.24 

1.22 
1.23 
1.23 
1.22 
1.21 
1.22 
1.27 
1.27 

1.32 
1.34 
1.34 
1.33 
1.33 

1.48 

1.33 
1.33 

1.39 

1.40 
1.48 

1.53 

1.63 

Pi  rci  hi 
31.2 
33.0 
33.3 
28.3 

32.5 
31.2 
31.4 
32.0 
34.4 
32.5 
25.8 
24.8 

35.4 
34.1 
34.3 
34.6 

35.  3 

28.6 

35.2 
35.5 

36.  6 
35.5 
29.9 

38.9 
32.9 

5.96 
5.81 
5.80 
6.15 

5.93 
6.02 
6.01 
5.99 
5.85 
5.95 
6.  32 
6.  37 

5.96 
6.04 
6.  02 
6.02 
5.99 

6.34 

6.03 
6.  02 

;,  98 
6.05 
6.31 

6.  03 

6.311 

Inches 
2.5 
2.6 
2.5 
2.6 

2.6 
2.  6 
2.6 
2.5 
2.5 
2.6 
2.5 
2.5 

2.5 
2.6 
2  6 
2.5 

2.  6 

2.6 

2.6 
2.6 

2.7 
2.6 
2.6 

2.5 
2.5 

CEMENT  FACTOR— 6.0  SACKS  PER  CUBIC  YARD 


f        1 

l._ 

2 
3 

10 

t         1 

5 

6 

2 

s 

9 

11 

\      13 

1         4 

5 

3... 

{         6 

7 

I        9 

4 

13 

5 

{    5 

i    4 

6 

« 

l  n 

7... 

(  J 

94:173:393 

0.76 

0.  169 

0.900 

1.24 

30.6 

5.94 

',H:1M.::77 

.78 

.173 

.900 

1.24 

32.4 

5  M 

94:181:373 

.78 

.173 

.900 

1.24 

32.7 

5.84 

94:153:397 

.71 

.153 

.900 

1.27 

27.8 

6.  17 

94:174:369 

.76 

.169 

.900 

1.24 

32.0 

5.95 

94:162:377 

.75 

.167 

.900 

1.25 

30.1 

6.07 

94:166:372 

.75 

.  167 

.900 

1.25 

30.9 

6.04 

94:167:369 

.75 

.167 

.900 

1.25 

31.2 

6.02 

94:181:352 

.77 

.171 

.900 

1.24 

34.0 

5.  8S 

94:107:365 

.77 

.171 

.900 

1.25 

31.4 

6.01 

94:138:417 

.64 

.142 

.900 

1.30 

24.9 

6.  37 

94:133:422 

.64 

.142 

.900 

1.30 

24.0 

6.42 

94:189:353 

.  77 

.171 

.860 

1.36 

34.9 

5.98 

94:182:359 

.74 

.164 

.860 

1.37 

33.6 

6  06 

94:184:356 

.74 

164 

.860 

1.37 

34.  1 

6.04 

94:185:353 

.74 

.164 

.860 

1.37 

34.4 

6  02 

94:187:348 

.75 

.167 

.860 

1.36 

35.0 

6.00 

94:155:394 

.68 

.151 

.840 

1.52 

28.2 

6.36 

94:189:353 

.73 

.  162 

.860 

1.37 

34.9 

6.  04 

94:191:348 

.74 

.  164 

.860 

1.36 

35.4 

6.02 

94:196:344 

.78 

.173 

.840 

1.42 

36.3 

5.99 

94:191:348 

.75 

.167 

.840 

1.43 

35.4 

i,  05 

94:165:389 

.65 

.144 

.810 

1.51 

29.8 

6.32 

94:206:328 

.75 

.167 

.800 

1.56 

38.6 

6.  05 

94:178:371 

.66 

.147 

.800 

1.67 

32.4 

6.32 

f        1 

1 

1 

l       10 

1        4 

5 

6 

2 

* 

9 

11 

\      13 

f        4 

5 

3 

6 

7 

I        9 

94:150:343 

0.65 

0.  164 

0.890 

1.28 

30.4 

5.95 

94:156:327 

.68 

.  171 

.890 

1.26 

32.3 

5.85 

94:158:324 

.67 

.169 

.890 

1.26 

32.8 

5.84 

94:128:347 

.63 

.159 

.890 

1.30 

26.9 

6.21 

94:148:321 

.68 

.171 

.890 

1.27 

31.6 

5.98 

94:139:327 

.•66 

.166 

.890 

1.28 

29.8 

6.09 

94:143:324 

.65 

.164 

.890 

1.28 

30.6 

6.06 

94:141:322 

.67 

.169 

.890 

1.28 

30.5 

6.06 

94:153:307 

.68 

.171 

.890 

1.27 

33.3 

5.92 

94:144:317 

.67 

.169 

.890 

1.28 

31.2 

6.02 

94:115:364 

.57 

.144 

.890 

1.34 

24.0 

6.42 

94:110:368 

.58 

.  146 

.890 

1.34 

23.0 

6.48 

94:164:307 

.66 

.166 

.850 

1.39 

34.8 

5.98 

94:156:313 

.65 

.164 

.850 

1.41 

33.3 

6.08 

94:159:310 

.64 

.161 

.850 

1.40 

33.9 

6.05 

94:159:307 

.65 

.164 

.850 

1.40 

34.1 

6.  04 

94:161:302 

.66 

.166 

.850 

1.39 

34.8 

6.02  1 

2.5 
2.6 
2.7 
2.6 

2.5 
2.6 
2.5 
2.6 
2.5 
2.6 
2.5 
2.4 

2.7 
2.7 
2.6 
2.4 
2.7 


2.6 
2.6 

2.5 
2.4 
2.3 

2.4 
2.5 


CEMENT   FACTOR— 6.8  SACKS    PER   CUBIC   YARD 


2.3 
2.6 
2.6 
2.6 

2.5 
2.6 
2.5 
2.6 
2.6 
2.6 
2.5 
2.5 

2.5 
2.  6 
2.5 
2.  6 

2.6 


Table  3. — Data  on  concrete   mixes  using  North  Carolina  aggre- 
gates—  Continued 

CEMENT  FACTOR— 6.8  SACKS  PER  CUBIC  YARD— Continued 


Aggregate 

Proportions 
by  weight 

Water- 
cement 
ratio 
by  vol- 
ume 

HV 

6/6o 

Mor- 
tar 

voids 
ratio 

Sand  to 
total 
aggre- 
gate by 
weight 

Fine- 
ness 
modu- 
lus of 
com- 
bined 
aggre- 
gate 

Fine 

Coarse 

Slump 

4 
5 

6 

7 

13 
{        I 

1        ^ 
I       11 

{      I? 

Pounds 
94:130:343 

94:161:307 

94:164:302 

94:165:301 
94:161:303 
94:137:340 

91:17s  286 
94:152:323 

.61 

.65 

.65 

.70 
.67 
.59 

.65 
.58 

.  154 

.164 
.164 

.176 
.  169 
.  149 

.  164 
.146 

.830 

.850 
.850 

.  830 
.830 
.  830 

.  790 
.790 

1.55 

1.40 
1.39 

1.44 
1.46 

1.54 

1.59 
1.71 

Percent 
27.  5 

34.4 
35.  2 

35.4 
34.7 
28.7 

38   t 
32.0 

0  1" 

6.  07 
6.  03 

6.  03 

6  us 
6.38 

6.05 
6.34 

Inches 
2.  6 

2  6 

2.7 

2.5 
2  6 

2.5 

2.5 

2.4 

CEMENT  FACTOR— 7.2  SACKS  PER  CUBIC   YARD 


(         1 

2 

1         3 

1       10 

1        4 

5 

6 

7 

8 

9 

11 

{      13 

1        4 

5 

3 

\         6 

7 

I         9 

I 

13 

{         I 

6 

1         • 

1       11 

7 

{       ,1 

94:137:322 

0.63 

0.  168 

0.  885 

1.28 

29.8 

5.  9S 

94:143:308 

.65 

.173 

.885 

1.27 

31.7 

5.88 

94:145:305 

.64 

.171 

885 

1.27 

32.2 

5.  86 

94:119:325 

.60 

.  160 

.885 

1.31 

26.8 

6.23 

94:136:302 

.64 

.171 

.885 

1.28 

31.  1 

6.00 

94:128:309 

.62 

.165 

.885 

1.30 

29.3 

6.12 

94:130:306 

.62 

.  165 

.885 

1.29 

211.  8 

6.  10 

94:133:302 

.62 

.165 

885 

1.29 

311.6 

6.06 

94:141:289 

.64 

.  171 

.  885 

1.28 

32.  8 

5.94 

91:135:299 

.62 

165 

.885 

1.29 

31.  1 

6.04 

94:105:341 

.55 

.147 

.885 

1.35 

23.5 

6.  4.7. 

94:102:345 

.55 

.147 

.885 

1.35 

22.8 

6.49 

91:151:289 

.63 

.  168 

.845 

1.40 

34.3 

6.  01 

94: 144: 294 

.61 

.  163 

.845 

1.  12 

32.  9 

6.10 

94:146:292 

.61 

.163 

.845 

1.41 

33.3 

6.08 

94:146:289 

.62 

.  165 

.845 

1.41 

33.6 

6.07 

94:149:284 

.62 

.  165 

.845 

1.41 

34.4 

6.04 

94:120:322 

.58 

.155 

.825 

1.58 

27.1 

6.41 

:il   I  (9  289 

.61 

.  163 

.845 

1.41 

34.0 

6.09 

94:151:285 

.62 

.165 

.845 

1.41 

34.6 

0.06 

91    155  280 

.66 

176 

.825 

1  46 

35.6 

6.02 

94:150:285 

.63 

168 

825 

1.49 

34.5 

6.09 

94:127:318 

56 

.  119 

.825 

1.57 

28.5 

6.39 

94:165:267 

.62 

.165 

.785 

1.62 

38.2 

6.06 

94:141:304 

.55 

.147 

.785 

1.74 

31.7 

6.35 

2.0 
2.6 
2.5 
2.6 

2.5 
2.5 
2.5 
2.4 
2.4 
2.4 
2.5 
2.4 


2.6 
2.6 
2.6 
2.6 


2.6 
2.5 

2.5 
2.4 
2.5 

2.5 
2.5 


change  from  angular  to  rounded  coarse  aggregate  re- 
sulted in  an  increase  in  the  value  of  this  ratio.  (Com- 
pare combinations  2-4  to  2-9,  inclusive,  with  combina- 
tions 2-11  and  2-13.) 

This  particular  difficulty  was  overcome  by  using  a 
fixed  value  of  b/b0  in  place  of  a  constant  mortar  voids 
ratio.  After  making  many  trial  batches  it  was  found 
that,  for  a  given  cement  content  and  a  given  sand,  a 
constant  value  of  b/b0  could  be  used  irrespective  of  type 
of  coarse  aggregate.  (See  table  3.)  It  was  noted, 
furthermore,  that  certain  consistent  changes  in  b/b0 
resulted  from  changing  the  cement  factor  and  sand 
grading.  Thus,  for  a  given  sand,  table  3  shows  that  an 
increase  in  the  cement  factor  of  0.8  sack  resulted  in  a 
decrease  of  0.01  in  b/b0  for  equal  workability.  Further- 
more, as  the  sand  used  became  coarser,  it  was  found 
necessary  to  reduce  the  value  of  b/b0.  Thus  at  6.0  sacks 
per  cubic  yard  the  value  of  this  ratio  decreased  from 
0.90  for  sand  No.  1  (F.  M.  =  2.12)  to  0.80  for  sand  No.  7 
(F.  M.  =  3.37). 

It  is  believed  that  the  systematic  variation  in  b/b0 
with  changes  in  cement  content  revealed  by  these  tests 
together  with  the  principle  stated  by  Lyse  4  in  1932  to 
the  effect  that,  for  a  given  combination  of  materials 

4  Inge  Lyse,  Tests  of  Consistency  and  Strength  of  Concrete  Having  Constant 
Water  Content.     Proceedings  A.  S.  T.  M.,  vol.  32,  pt.  II,  1932. 
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and  a  given  consistency,  the  total  quantity  of  water  per 
unit  of  volume  of  concrete  (Wc)  is  constant  regardless 
of  the  cement  content,  makes  it  possible  to  simplify 
considerably  the  problem  of  designing  mixtures  of  vary- 
ing cement  content.  Having  established  by  trial  the 
proper  value  of  b/b0  to  use  with  given  aggregates  and 
with  a  given  cement  factor,  the  proportions  required  for 
the  same  consistency  with  any  other  cement  factor  may 
be  obtained  by  computation,  provided  the  aggregates 
have  the  same  gradations  as  those  used  in  the  trial 
batch.  This  will  be  illustrated  by  an  example. 
Given  a  mix  having: 

The  proportions  94:274:492  by  weight. 
Water-cement  ratio  1.01  by  volume. 
Specific   gravities   of   materials:  Cement,   3.16; 
fine  aggregate,  2.66;  coarse  aggregate,  2.63. 

Percentage  of  voids  in  coarse  aggregate  (dry-loose), 
44.5,  the  corresponding  solid  volumes  per  1-sack  batch 
would  be  as  follows: 

94  <*•  * 

Cement rn   .  vyo   1g =0.  48 

62.  4X3.  16 

Fine  aggregate 62.4X2.66 =  L65 

Coarse  aggregate 62  4X2  63 =  3'  °° 

Water  (WJC) !...__'. =  1.01 

Yield =  6.  14 

27 
Cement  factor=^— rj=4.4  sacks  per  cubic  yard. 

Bulk  volume  of  coarse  aggregate  =     no^0  44c 

=  5.41  cubic  feet. 

Then    6/60=|~=o.88. 

Water    per    unit    volume    of    concrete    (Wc) 

=  L°I=0  i64 
6.14     U-ib4> 

Having  analyzed  the  above  mix  and  determined  the 
values  of  b/b0  and  Wc  as  0.88  and  0.164,  respectively, 
another  mix  will  be  designed  with  the  same  materials 
but  with  a  cement  factor  of  6.8  sacks  of  cement  per 
cubic  yard  of  concrete,  an  increase  of  2.4  sacks  per 
cubic  yard. 

Following  the  procedure  outlined,  the  value  for  Wc 
for  the  new  mix  would  remain  constant  at  0.164.  The 
new  value  for  bjb0  is  determined  as  follows:  For  each 
increase  of  0.8  sack  per  cubic  yard  in  cement  factor, 
b/b0  is  decreased  0.01.     Therefore,  the  new  value  of 

bjb0  is  0.88-||x0.01  =  0.85. 

The  yield  per  1-sack  batch  for  the  new  mix  would  be 

27 

77-^=3.97  cubic  feet  and  the  apparent  or  bulk  volume 

of  coarse  aggregate  would  be  3.97X0.85=3.37  cubic 
feet.  The  corresponding  solid  volume  of  coarse  aggre- 
gate (b) =3.37 X (1-0.445)  =  1.87  cubic  feet;  the  solid 
volume  of  cement  (c)=0.48  cubic  feet;  and  the  volume 
of  water  (W/(7)=3.97X0.164=0.65  cubic  feet;  making 
a  total  of  3.00  cubic  feet.  The  only  unknown  quantity 
remaining  is  the  volume  of  fine  aggregate,  which  is 
determined  by  subtracting  the  sum  of  the  solid  volumes 
of  coarse  aggregate,  cement,  and  water  from  the  total 
yield.     Therefore  the  solid  volume  of  fine  aggregate  = 


3.97—3.00=0.97  cubic  feet.  The  complete  propor- 
tions per  1-sack  batch  for  the  new  mix  would  be  as 
follows: 

du.  ft. 

Cement  (solid) 0.48 

Fine  aggregate  (solid) 0.  97 

Coarse  aggregate  (solid) 1.87 

Water  (W/C) 0.65 

Total  (solid) 3.97 

Multiplying  the  above  by  62.4  times  the  appropriate 
values  for  specific  gravity  gives  the  following: 

Weight  proportions =94: 161:307 

WJC=0.65  (by  volume). 

LOW  WATER-CEMENT  RATIO  MAINTAINED  USING  FINE  SANDS 

By  this  procedure  any  mix,  within  a  reasonable  range, 
can  readily  be  calculated  provided  the  proper  values  of 
b/b0  and  Wc  have  been  predetermined  on  the  materials 
under  investigation  and,  further,  provided  the  slump  is 
to  remain  constant.  As  can  be  seen  from  the  example 
given  above,  the  only  unknown  quantity  in  the  mix  is 
the  amount  of  sand  and  this  is  determined  by  simple 
calculation.  In  these  tests  the  water-cement  ratio 
determined  by  calciilation  from  the  law  of  constant 
water  per  unit  volume  of  concrete  for  a  constant  slump 
was  not  always  the  exact  value  needed  to  obtain  the 
proper  slump.  However,  it  was  possible  in  all  cases  to 
make  the  proper  adjustment  by  slight  changes  in  the 
ratio  of  water  to  sand,  keeping  the  sum  of  the  absolute 
volumes  of  the  two  ingredients  constant.  Even  though 
the  general  law  did  not  hold  precisely  in  all  individual 
cases,  that  is,  to  the  third  decimal,  the  following  tabula- 
tion, which  gives  average  values  for  the  25  combina- 
tions, will  illustrate  its  accuracy. 

Cement  factor,  sacks  per  cubic  yard:  wc 

4.4 0.  164 

5.2 .  163 

6.0 -  .  163 

6.8 .  163 

7.2 .  163 

In  connection  with  the  procedure  employed,  that  is, 
the  use  of  the  highest  value  of  blb0  compatible  with 
workability,  it  is  interesting  to  note  that  for  a  given 
coarse  aggregate  and  a  given  cement  factor  it  was  possi- 
ble to  use  approximately  the  same  water-cement  ratio 
irrespective  of  whether  a  coarse  or  fine  sand  was  used. 
For  instance,  in  table  3,  using  a  cement  factor  of  6.0 
sacks  per  cubic  yard,  coarse  aggregate  No.  7  was  used 
with  sands  2,  3,  5,  and  7.  These  sands  varied  in  fineness 
modulus  from  2.22  to  3.37.  However,  the  total  range 
in  water-cement  ratio  was  only  0.02  (from  0.73  to  0.75), 
demonstrating  that,  by  proper  proportioning,  it  is  possi- 
ble to  maintain  a  low  water-cement  ratio  when  using 
fine  sands. 

The  concrete  was  mixed  in  a  laboratory  mixer  of  the 
type  shown  in  figure  1.  In  order  to  approximate 
field  conditions,  the  coarse  aggregate  was  handled  in  a 
saturated  surface-dry  condition  and  the  sand  n  a  wet 
condition,  correction  for  the  free  water  in  the  sand 
being  made  when  computing  the  water-cement  ratio. 
Test  specimens  consisted  of  6-  by  6-inch  beams,  21 
inches  long.  In  all,  625  specimens — 25  combinations 
of  material,  times  5  mixes,  times  5  specimens  per  mix 
made  on  each  of  5  different  working  days — were 
fabricated.  All  strength  tests  were  made  at  14  days, 
the  specimens  being  tested  by  the  third  point  method 
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Figure    1. — Laboratory    Mixer   Used 
Mixtures. 


PrEPARINC 


in  accordance  with  A.  S.  T.  M.  Method  C  78-39.  The 
specimens  were  placed  in  the  testing  machine  with  the 
side,  as  molded,  in  tension. 

The  average  flexural  strengths  for  each  combination 
of  materials  for  each  of  the  five  different  proportions 
are  given  in  table  4.  In  discussing  these  results  the 
various  combinations  of  materials  will  be  referred  to  by 
number.  Thus,  combination  2-4  refers  to  sand  No.  2 
combined  with  coarse  aggregate  No.  4.  In  order  to 
illustrate  the  method  of  plotting  the  results  for  the 
purpose  of  determining  the  required  cement  factor  for 
a  specified  modulus  of  rupture,  two  examples  will  be 
given. 

CHART  ENABLES  COMPUTATION  OF  MIX  DESIGN 

Figure  2  shows  a  typical  chart  giving  the  relations 
between  modulus  of  rupture  and  cement  factor,  water- 
cement  ratio  and  cement  factor,  and  percentage  of 
sand  and  cement  factor.  Considering  first  the  strength- 
cement  factor  relationship,  it  will  be  noted  from  the 
curve  that  the  required  amount  of  cement  to  produce  a 
modulus  of  rupture  of  550  pounds  per  square  inch  was 
5.1  sacks  per  cubic  yard.  The  corresponding  water- 
cement  ratio  was  0.91  and  the  percentage  of  sand  34. 
From  this  type  of  chart  a  complete  mix  design  could  be 
computed  for  any  strength  specified  within  the  range 
covered.  In  figure  2  for  instance,  the  range  in  strength 
would  be  from  about  500  to  700  pounds  per  square  inch. 

Frequently  specifications  for  concrete  contain  a 
limiting  value  for  water-cement  ratio  in  order  to 
assure  durability.  Assuming  a  maximum  allowable 
value  of  6  gallons  per  sack  (W/C=  0.80  by  volume),  it 
will  be  observed  from  figure  2  that  the  required  strength 
was  obtained  with  a  water-cement  ratio  of  0.91,  which 
is  more  than  allowable.  From  the  water-cement  ratio- 
cement  factor  curve  it  is  seen  that,  in  order  to  keep 
within  the  limits  dictated  by  durability  considerations, 
it  would  be  necessary  to  use  a  cement  factor  of  5.8 
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CEMENT    FACTOR  -BAGS    PER   CUBIC    YARD 
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PERCENT 
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F.M 
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2.63 

0.50 

2.22 
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2  62 

0  28 

7.75 

Figure  2. — Concrete  Mix  Design  Chart  for  Combination 

2-8. 

sacks  per  cubic  yard  instead  of  5.1  sacks,  the  resulting 
flexural  strength  being  in  excess  of  600  pounds  per 
square  inch. 

Table  4. — Average  flexural  strength,  14  days,  of  6-  by  6-inch 
beams  tested  on  18-inch  span  with  third-point  loading,  for  con- 
crete mixes  using  North  Carolina  aggregates 


Aggregate 

Modulus  of  rupture '  for  cement  factor 
(sacks  per  cubic  yard)  of— 

Coarse 

Fine 

4.4 

5.2 

6.0 

6.8 

7.2 

1                           

1    ' 

I        10 

/          4 
5 
6 

'            I 
9 
11 
13 

f         4 
5 

\          6 
7 

I         9 
13 

{         I 
{        1? 

{    i! 

Lb.  per 
sq.  in. 
470 
460 
435 
380 

455 
430 
475 
440 
470 
470 
490 
430 

350 
340 
355 
365 
390 

430 

395 
395 

425 
465 
480 

395 

505 

Lb.  per 
sq.  in. 
615 
575 
570 
425 

510 
505 
570 
505 
565 
565 
500 
485 

470 
470 
470 
445 
495 

485 

490 
510 

490 
545 
515 

490 
555 

Lb.  per 
sq.  in. 
655 
655 
715 
510 

540 
575 
620 
555 
C30 
600 
545 
535 

570 
560 
565 
575 
620 

510 

565 
615 

530 

585 
575 

565 
630 

Lb.  per 
sq.  in. 
795 
695 
730 
535 

630 
635 
640 
610 
680 
665 
635 
560 

600 
600 
645 
610 
665 

585 

610 
675 

630 
685 
635 

630 

675 

Ijb.  per 
sq.  in. 
765 
755 
745 
545 

655 
630 
615 
040 
720 
680 
635 
615 

610 
630 
630 

2..   

3 

4 

625 
660 

585 

5.- 

6.. - 

7 

670 
695 

620 
670 
655 

620 
685 

Average .- 

428 

513 

584 

642 

654 

'  Each  value  is  average  of  5  tests 
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Figure  3. — Concrete  Mix  Design  Chart  for  Combination 

3-5. 

Figure  3  gives  the  same  type  of  data  for  a  different 
combination  of  materials.  The  required  cement  factor 
as  determined  from  the  curve  is  5.9  sacks,  with  a  cor- 
responding water-cement  ratio  of  0.75.  In  this  case  the 
strength  is  the  governing  factor  while  in  the  former  case 
the  maximum  allowable  water-cement  ratio  governs. 

Charts  similar  to  figures  2  and  3  were  drawn  for  each 
of  the  25  combinations  of  materials  and  the  required 
cement  factors  obtained  from  the  strength  curves  as 
illustrated.  These  cement  factors  are  enumerated  in 
table  5  and  show  values  ranging  from  4.9  sacks  for 
combination  1-1,  to  7.1  sacks  for  combination  1-10,  or, 
for  all  practical  purposes,  from  5  to  7  sacks.  In  view 
of  the  fact  that  the  same  sand  was  used  in  both  com- 
binations,  the   strength   differential  in   this   case   is   a 

Table  5. — Cement  factor  required  for  550  pounds  per  square  inch 
modulus  of  rupture,  third  point  loading,  for  concrete  mixes  using 
North  Carolina  aggregates 


Fine  aggregate 


Coarse 

i  i|  i, -;ii, 


Cement 

factor 

Socks  per 

cubic  yard 

4.9 

5.  1 

5.1 

7.1 

5.8 

5.7 

5.1 

6.0 

5.1 

5.0 

5.8 

6.2 

5.8 

5.9 

5.9 

6.  1 

5.5 

Fine  aggregate 


4 
5 

6 


Coarse 
aggregate 


Cement 
factor 


Sacks  pir 

cubic  yard 

6  4 

5.9 
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6.0 
5.3 
5.6 

5.9 
5.0 
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Figure  4. — Relation  Between  Cement  Factor  and  Flex- 
ural  Strength  of  Concrete.  (Average  Curve  and 
Maximum  Range.) 

direct  function  of  the  concrete-making   properties    of 
the  two  coarse  aggregates. 

In  order  to  illustrate  better  the  effect  of  aggregate 
characteristics  upon  flexural  strength,  figure  4  is  shown. 
Three  flexural  strength-cement  factor  curves  are  given, 
one  for  combination  1-1,  one  for  combination  1-10,  and 
one  for  the  average  of  all  25  combinations  of  materials, 
thus  representing  the  average  and  the  extreme  ranges  for 
the  entire  series  of  tests.  From  the  shapes  of  the  two 
extreme  curves  it  is  seen  that  they  tend  to  converge 
at  the  lower  cement  factors.  This  is  to  be  expected 
because  of  the  fact  that  for  very  lean  mixes  the  strength 
of  the  mortar  determines  the  flexural  strength  of  the 
concrete.  However,  as  the  cement  content  is  increased 
and  the  mortar  becomes  stronger,  the  quality  of  the 
coarse  aggregate  and  the  bond  between  mortar  and 
coarse  aggregate  become  important  factors. 

Coarse  aggregate  number  1  was  a  dolomite  of  excel- 
lent quality  having  a  surface  texture  which  gave  good 
bond  with  the  mortar.  With  this  aggregate,  the  full 
strength  of  the  mortar  appeared  to  have  been  developed 
up  to  a  cement  factor  of  7  sacks  per  cubic  yard.  Aggre- 
gate number  10  was  a  structurally  weaker  material  so 
that  the  full  strength  of  the  mortar  was  not  developed. 
If  the  water-cement  ratio  was  the  only  controlling 
factor,  the  strengths  of  combination  1-10  should  have 
been  greater  than  those  developed  by  combination  1-1 
because  of  the  fact  that  lower  water-cement  ratios  were 
used  (table  3).  Notwithstanding  this  fact,  combina- 
tion 1-1  gave  26  percent  greater  strength  for  the  leanest 
mix  and  44  percent  greater  strength  for  the  richest 
mix.  At  a  cement  factor  of  6  sacks  per  cubic  yard,  one 
commonly  used  for  pavement  mixes,  combination  1-1 
gave  40  percent  greater  strength  than  combination  1-10. 
While  in  this  particular  instance  the  low  strength  was 
probably  due  to  structurally  poor  material,  this  is  not 
always  the  case.  Frequently  aggregates  which  are 
structurally  strong  give  comparatively  low  flexural 
strengths  in  concrete  because  of  the  fact  that  the  sur- 
face texture  does  not  permit  of  sufficient  bond  to  de- 
velop the  full  strength  of  the  mortar. 
(Continued  on  p.  138) 
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IN  many  research  investigations  of  bituminous  mate- 
rials the  determination  of  consistency  in  poises  or 
stokes  is  desirable  since  fundamental  units  give  an 
accurate  basis  of  comparison  for  different  types  of 
materials.  Accurate  comparisons  are  often  very  diffi- 
cult to  make  from  test  values  obtained  by  the  use  of 
empirical  methods.  In  1935,  Messrs.  Rhodes,  Volk- 
mann,  and  Barker1  reported  the  development  of  a  new 
viscosimeter  of  the  capillary  tube  type  for  the  determi- 
nation of  the  consistency  of  bitumens.  They  found 
that  this  instrument  could  be  used  to  measure.  at  the 
same  temperature,  the  absolute  viscosity  of  all  grades 
of  road  tars.  Since  its  introduction,  this  instrument 
has  been  used  in  several  investigations.  Reports  of 
these  investigations  2  3  indicate  that  the  instrument  is 
useful  and  gives  very  accurate  results. 

A  study  of  the  viscosimeter,  the  data  of  which  are 
given  in  this  report,  was  made  to  ascertain  the  accuracy 
and  the  scope  of  this  instrument  for  determining  the 
kinematic  viscosity  of  asphaltic  materials,  more  espe- 
cially petroleum  asphalts  of  the  50-60  and  85-100 
penetration  grades.  The  value  of  these  results  for 
determining  the  viscosity-temperature  susceptibility 
was  also  studied.  Since  at  the  present  time  there  is 
much  interest  in  these  problems,  the  results  of  this  in- 
vestigation are  reported  in  detail  for  the  benefit  of 
those  actively  engaged  in  the  testing  of  bituminous 
materials. 

INSTRUMENT  USES  PRINCIPLE  OF  CAPILLARITY 

The  operation  of  the  viscosimeter  is  described  by 
Rhodes,  Volkmann,  and  Barker1,  as  follows: 

With  this  new  instrument,  viscosity  is  determined  by  timing 
the  flow  of  the  material  under  test  through  a  capillary  tube. 
Contrary  to  the  classical  method  of  Ostwald,  which  utilizes  gravi- 
tation as  the  driving  force,  the  material  is  made  to  ascend  through 
the  capillary  tube.  This  is  accomplished  by  immersing  in  the 
sample  to  be  tested  the  lower  end  of  a  capillary  tube,  the  upper 
end  of  which  is  connected  with  a  partly  evacuated  reservoir.  Two 
fixed  points  are  chosen  on  the  capillary  tube  and  the  time  re- 
quired for  the  passage  of  the  air-sample  interface  between  these 
points  is  noted.  From  the  time,  vacuum  applied,  the  distance 
between  points,  and  the  radius  of  the  bore  of  the  capillary  tube, 
the  viscosity  of  the  sample  can  be  calculated. 

The  equation  for  calculating  the  viscosity  from  the 
observed  data  was  derived  by  Volkmann,  Rhodes,  and 
Work 2  from  Poiseuilles'  equation  for  viscosity  by 
capillary  flow.     This  equation  is: 

(1) 


V 

At 

8 

0+x)xlog. 

gr~ 

-ih-h) 

i  New  Viscosimeter  for  Bitumens   Has  Extended   Range.    Engineering  News- 
Record,  vol.  115,  Nov.  21,  1935. 

2  Physical  Properties  of  Coal  Tars,  by  Volkmann,  Rhodes,  and  Work.    Industrial 
and  Engineering  Chemistry,  vol.  28,  June  1936. 

3  Consistency  Measurements  in  the  Coal  Tar  Industry,  by  Rhodes,  Volkmann, 
and  Barker.    Symposium  on  Consistency,  A.  S.  T.  M.,  June  1937. 


where 

v—  kinematic  viscosity  in  stokes, 

g=  acceleration  due  to  gravity  (980  cm.  per  sec.-), 

r= radius  of  capillary  bore  (cm.), 

A  =  vacuum  in  centimeters  of  water, 

X= length  of  capillary  submerged  in  sample  (cm.), 

/^length  of  capillary   filled  with   liquid  at   start  of 

time  interval  (cm.), 
Z2=length  of  capillary  filled  with  liquid  at  end  of  time 

interval  (cm.), 
p  =  density  of  sample  at  test   temperature    (gm.   per 

cm.3),  and 
A£=time  of  rise  between  /i  and  l2  (sec). 

As  explained  by  the  earlier  authors,  '  this  equation  is 
very  difficult  to  use  for  extremely  low  values  of  the 
logarithmic  expression.  For  this  reason,  they  expanded 
the  logarithmic  expression  into  a  series  and  obtained  the 
cf|iiation  in  the  following  form: 


At 


gr 


(2) 


In  this  study  equation  2  has  been  simplified  by 
neglecting  all  but  the  first  two  terms  of  the  series  in 
the  denominator.  Since  X  is  always  controlled  at  1.0 
centimeter,  the  value  X=l  is  used  and  the  equation 
reduces  to  the  following  form: 


gr 
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A  further  approximation  may  be  made  by  neglecting 
the  last  term  in  equation  3.  The  equation  then 
becomes: 


At     4(/22- 


:2-<l2)L 


1 


2(/y+/2/|+/rY 
3  (/_>+/,) 


(4) 


This   equation    may   be    expressed    in    the   following 
form: 


sK!) 


+c. 


(5) 


where 

va= kinematic  viscosity  in  centistokes, 
H=  vacuum  in  centimeters  of  mercury,  and 
K,  C—  constants  for  chosen  values  of  Z,  and  l2. 

The  constants  K  and  C  include  all  instrumental  con- 
stants and  conversion  factors  as  shown  in  table  1 .    This 
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table  also  shows  values  of  K  and  C  for  the  various 
height  intervals  used  in  this  report. 

APPROXIMATE  EQUATIONS  MAKE  POSSIBLE  USE  OF  VARIOUS 
VALUES  FOR  /,  AND  h 

The  two  approximations  that  have  been  made  in 
deriving  equation  4  have  opposite  effects.  The  omis- 
sion of  all  but  the  first  two  terms  of  the  series  in  the 
denominator  of  equation  2  tends  to  increase  the  com- 
puted values  of  vjLt,  while  the  omission  of  the  last  term 
in  equation  3  tends  to  decrease  these  values.  The 
increase  in  computed  values  caused  by  the  first  approxi- 
mation will  be  greater  for  large  values  of  l2  and  small 
values  of  k.  For  a  given  value  of  I2,  the  decrease 
caused  by  the  second  approximation  will  be  least  for 
small  values  of  U.  Therefore,  the  greatest  error  caused 
by  the  use  of  the  approximate  equation  4  will  result 
when  the  value  of  l2  is  large  and  that  of  /j  is  small. 


Table  1.- 


Equations  for  calculating  viscosity,  and  values  of  K  and 
C  for  various  values  of  li  and  12 
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where: 

Length  of  capillary  submerged  in  sample  = 


1.0  cm. 
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v=  Kinematic  viscosity  in  stokes, 
v„=  Kinematic  viscosity  in  centistokes, 
A£  =  Time  of  rise  between  Zi  and  U  (sec), 
r  =  Radius  of  capillary  bore  (0.0571  cm.), 
<7  =  Acceleration  due  to  gravity  (980  cm.  per  sec.2), 
U  =  Length  of  capillary  filled  with  liquid  at  start  of  time  interval 

(cm.), 
/,  =  Length  of  capillary  filled  with  liquid  at  end  of  time  interval 

(cm.), 
h  =  Vacuum  in  centimeters  of  water, 
H  =  Vacuum  in  centimeters  of  mercury. 
p  =  Density  of  sample  at  test  temperature  (gm.  per  cm.3), 
Dhh=  Density  of  mercury  at  25°  C.  (13.534  gm.  per  cm.3). 


1, 

h 

K 

C 

/, 

h 

K 

C 

2 

3 

216.  20 

-24.5 

3 

5 

67.57 

-15.4 

2 

4 

90.09 

-14.0 

4 

5 

120.  10 

-31.2 

2 

5 

51.48 

-10.3 

3 

8 

19.66 

-7.1 

2 

6 

33.78 

-9.1 

3 

10 

11.88 

-5.4 

3 

6 

40.04 

-10.8 

3 

11 

9.65 

-4.8 

4 

6 

54.05 

-16.2 

4 

11 

10.30 

-5.4 

5 

6 

98.28 

-32.8 

4 

12 

8.45 

-4.8 

3 

4 

154.  50 

-28.8 

In  this  study  the  largest  interval  used  was  ^=4 
centimeters,  £2=12  centimeters.  In  table  2  are  shown 
comparisons  of  the  values  of  vjAt  obtained  with  the 
exact  equation  and  the  approximate  equation  4.  The 
exact  calculations  were  made  by  equation  1  except 
where  notation  is  made  that  equation  2  was  used.  For 
the  purposes  of  comparison,  these  calculations  have  been 
carried  to  a  greater  number  of  significant  figures  than 
would  ordinarily  be  employed  in  computing  viscosities 
from  the  test  results.  Calculations  are  shown  for  the 
intervals  Zj=4  centimeters,  l2=12  centimeters,  the 
largest  interval  used,  and  ^=3  centimeters,  l2=6  centi- 
meters, one  of  the  intervals  more  frequently  used  in  this 
study.  The  values  of  H/p  included  vary  from  1.00  to 
7.31  and  it  is  seen  that  for  all  values  of  H/p  of  3  or  more 


the  maximum  error  is  less  than  0.5  percent,  the  error 
decreasing  rapidly  with  increasing  values  of  H/p. 
Although  for  values  of  H/p  even  as  low  as  2.20  the  maxi- 
mum error  is  only  approximately  1  percent,  for  all 
values  of  H/p  less  than  3  it  will  generally  be  desirable  to 
compute  viscosities  by  equation  1 ,  or  to  use  a  graph 
constructed  with  calculations  made  by  this  equation. 
In  this  investigation,  data  on  the  specific  gravity  or 
density  of  the  materials  were  available,  and  thus  the 
kinematic  viscosity  has  been  reported.  However,  the 
absolute  viscosity  is  desirable  in  many  cases  and  for 
viscous  asphaltic  materials  can  be  calculated  within  the 
accuracy  of  the  method  without  the  use  of  the  density. 

Table  2.—  Comparison  of  values  of  ~   obtained  with  exact  and 
approximate  equations 


H 

p 

h  =  i  cm.,  ?2  =  12  cm. 

h  =  3  cm.,  ?2  =  6  cm. 

Values  of  t? 
A! 

£<eq.4> 

^  (exact) 

Values  of  t4 
At 

a7  (eq- 4) 
■t?  (exact) 

Exact 

Equation  4 

Exact 

Equation  4 

1.00 
1.20 
1.40 
1.80 
2.20 
2.60 
3.00 
3.62 
5.10 
7.31 

3.14 

5.00 

6.78 

10.24 

13.67 

17.08 

'  20.  47 

1  25.  72 

1  38.  23 

i  56. 96 

3.66 
5.35 
7.04 
10.42 
13.80 
17.18 
20.56 
25.  80 
38.29 
57.02 

1. 16561 
1. 07000 
1.  03835 
1.01758 
1. 00950 
1. 00585 
1.  00440 
1.00311 
1.00157 
1. 00105 

28.98 

37.03 

45.07 

61.13 

77.16 

93.18 

1  109.  22 

i  134.  07 

i  193.  26 

1  282.  02 

29.19 

37.20 
45.21 
61.22 
77.24 
93.25 
109.  27 
134.  11 
193.  28 
282.04 

1.  00725 
1.  00459 
1.00311 
1.  00147 
1.00104 
1. 00075 
1.  00046 
1.  00030 
1.  00010 
1.  00007 

1  Values  computed  by  equation  2  with  6  terms  in  the  series. 


It  has  been  shown  (equation  5)  that  the  equation  for 
kinematic  viscosity  is: 


Va—^'i  M=  absolute  viscosity  in  centipoises. 


thus 


£r>[>(!H 


At 
£rKH+pC- 

For  high  vacuums  the  constant  C  is  small  compared 
to  KH  and  the  difference  between  C  and  pC  would  not 
affect  the  results  appreciably  since  for  bituminous 
materials  the  density  is  usually  very  close  to  1  gram  per 
cubic  centimeter. 

In  making  the  tests  on  asphalts  it  was  found  much 
more  satisfactory  to  vary  the  values  for  lx  and  l2  with 
the  general  consistency  of  the  material  rather  than  use 
only  the  intervals  4  to  12  centimeters  for  materials  of 
low  viscosity  and  2  to  4  centimeters  for  those  of  high 
viscosity,  as  suggested  in  the  original  report.1 

The  values  for  the  height  intervals  most  frequently 
used  in  this  investigation  were  3  to  6  centimeters  for 
the  higher  temperatures,  and  2  to  4  centimeters  for  the 
lower  temperatures  in  testing  the  semisolid  asphalts. 
For  the  test  runs  on  the  liquid  materials  the  intervals 
4  to  12  centimeters  or  3  to  11  centimeters  were  generally 
used. 


'  New  Viscosimeter  for  Bitumens  Has  Extended  Range. 
Record,  vol.  115,  Nov.  21,  1935. 
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The  capillary  tubes  were  calibrated  by  calculating  the 
volume,  and  thus  the  diameter,  from  the  weight  of 
mercury  necessary  to  fill  the  tube  over  a  definite 
recorded  length.  These  calibrations  were  made  both 
at  the  beginning  and  end  of  the  tests.  The  results 
arc  shown  in  table  3. 

The  standard  diameter  is  0.1142  centimeters.  An 
equation  for  the  correction  factors  for  the  differences 
from  this  standard  was  derived;  it  is: 


where 


\Mji 


(fdHG&X'+S) 


correct  value, 


(  -T-)  =  value  computed  for  standard  diameter. 

r0=standard  radius,  and 

Ad=  difference  between  actual  and  standard  diam- 
eters. 

This  is  an  approximate  equation  that  gives  results 
differing  from  those  given  by  the  exact  equation  In- 
negligible  amounts. 

Table  3. — Initial  and  fi?wl  diameters  of  capillar//  lulus 


Tube  No. 

Initial 
diameter 

Final 
diameter 

1. 

2 

3 

_  Cm. 
0.1149 
.1144 

Cm. 

0.  1150 
.1141 
.1149 

Using  this  equation,  factors  for  each  tube  were  found 
to  be  those  given  in  table  4. 

Since  the  maximum  difference  between  the  correct 
and  computed  value  is  approximately  1  percent,  the 
precision  of  the  determinations  did  not  warrant  making 
the  correction. 

APPARATUS  MODIFIED  TO  GIVE  MORE  ACCURATE  RESULTS 

For  tins  work  the  sample  container  supplied  with  the 
instrument  was  discarded  and  a  test  tube  of  8-inch 
length  and  1-inch  inside  diameter  was  used.  This  per- 
mitted use  of  a  larger  amount  of  material,  and  the  clear 
vertical  wall  of  the  tube  enabled  better  vision.  In 
addition,  sufficient  test  tubes  were  available  so  that  the 
samples  could  be  stored  and  repeated  determinations 
at  various  temperatures  could  be  made. 

Table  4. —  Conversion  factors  for  diameters  of  capillary  tubes 


Tube  No. 

Conversion  factor 

Initial 

Final 

1 

2 _. 

3 

1.012 
1.  0035 

1.014 
.9982 
1.012 

It  was  found  that  the  centering  and  depth  of  immer- 
sion of  the  tube  were  important  factors  in  obtaining 
accurate  results.  In  order  to  insure  accuracy,  a 
special  holder  which  fits  tightly  in  the  top  of  the  tube 


' 


Figure   1.- 


-Modified  Testing   Unit  (left),  and   Unit  Sup- 
plied with  Instrument  (right). 


was  made.  It  holds  the  capillary  in  place  with  a 
finger  spring  just  tight  enough  to  allow  it  to  slide 
easily  but  not  slip.  In  addition  to  this  holder,  a  paste- 
board disk  cut  to  fit  loosely  in  the  test  tube  and  tightly 
on  the  capillary,  was  placed  on  the  tube  approximately 
3  centimeters  above  the  surface  of  the  sample.  The  use 
of  these  appliances  made  it  possible  to  locate  the 
capillary  exactly  in  the  center  of  the  tube  and  to  deter- 
mine the  depth  of  immersion  accurately  without  diffi- 
culty. Figure  1  shows  a  photograph  of  the  modified 
testing  unit  and  the  unit  furnished  with  the  instrument. 

Accurate  temperature  control  was  obtained  by  the  use 
of  a  standard  thermometer  placed  in  a  test  tube  con- 
taining asphalt  of  the  same  type  as  the  material  under 
test.  This  gave  a  measure  of  the  asphalt  tempera- 
ture at  the  center  of  the  tube  rather  than  the  bath 
temperature. 

A  large  enough  portion  of  the  sample  to  be  tested 
to  fill  about  1  inch  of  the  tube  was  heated  and  poured, 
then  allowed  to  cool  to  room  temperature  for  1  hour. 
It  was  then  placed  in  the  bath  maintained  at  the  test 
temperature  and  allowed  to  stand  for  at  least  1  hour 
before  testing.  The  capillary  tube  was  put  in  posi- 
tion at  least  20  minutes  before  the  first  determination. 

The  reservoir  was  evacuated  to  the  desired  amount, 
the  capillary  connected  to  the  system,  and  the  stop- 
cock opened.     The  time  of  rise  through  the  distance 
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Z,  to  l2  was  recorded  with  a  stop  watch.  The  mercury 
manometer  for  the  determination  of  vacuum  was  read 
at  the  beginning  and  at  the  end  of  the  test.  Under 
ordinary  circumstances  the  vacuum  will  remain  con- 
stant throughout  the  test  since  the  decrease  in  volume 
of  the  air  space  resulting  from  the  rise  of  the  asphalt 
is  infinitesimal  compared  to  the  total  volume  of  the 
reservoir. 

The  temperature,  length  of  time,  initial  and  final 
height,  vacuum,  and  density  of  the  material  at  test 
temperature  were  recorded.  These  data  were  then 
used  to  calculate  the  viscosity. 

The  capillary  tubes  were  cleaned  by  heating  in  a 
bath  of  nitrobenzene  maintained  at  approximately 
100°  C.  by  a  boiling  water  bath.  Air  pressure  was 
used  to  blow  the  asphalt  out  of  each  tube  after  it  had 
softened  sufficiently  from  the  action  of  the  heat  and 
solvent.  The  tube  was  then  washed  clean  in  the  same 
bath  by  alternate  soaking  and  flushing,  and  the  excess 
nitrobenzene  removed  with  a  current  of  air.  The  tube 
was  allowed  to  cool  slightly  and  then  washed  with 
ethyl  ether  and  dried  with  air.  Using  this  method,  the 
tubes  could  be  cleaned  thoroughly  in  3  to  5  minutes. 

Check  determinations  were  made  on  the  same  samples 
after  the  capillary  tube  had  been  cleaned  and  replaced. 
In  order  to  insure  complete  equilibrium  the  capillary 
was  allowed  to  stand  in  the  sample  at  least  20  minutes 
before  each  test. 

Samples  that  had  remained  undisturbed  in  the  test 
tubes  overnight  or  longer  were  preheated  in  an  oil  bath 
to  140-150°  C.  They  were  then  allowed  to  cool  to 
room  temperature  and  the  described  procedure  was 
followed.  This  preheating  was  found  necessary  in 
order  to  eliminate  any  effect  of  age  hardening,  except 
when  the  test  temperature  was  20  or  more  degrees 
above  the  softening  point  of  the  materials  being  tested. 
For  these  temperatures,  tests  showed  no  difference 
between  results  obtained  on  samples  preheated  and 
those  placed  directly  in  the  bath. 

The  following  four  variables  must  be  recorded  for  each 
determination:  Temperature  of  test,  vacuum  (H), 
initial  and  final  values  of  Z,  and  l2,  and  the  time  of  rise 
(A0-  However,  three  of  these  are  independent  and  are 
made  constant  for  each  determination;  that  is,  the  tem- 
perature, the  values  of  /,  and  l2,  and  the  vacuum.  The 
time  of  rise  is  the  only  dependent  variable  and  there  is 
no  difficulty  in  recording  the  necessary  data. 

The  viscosity  can  be  calculated  very  easily  by  the 
use  of  the  approximate  formulas  as  derived.  The  time 
required  is  no  more  than  that  necessary  when  the  chart 
supplied  with  the  instrument  is  used,  and  direct  cal- 
culations eliminate  the  necessity  for  interpolating 
values  of  the  density.  It  also  makes  possible  the  use  of 
more  convenient  values  for  lt  and  l2. 

PLOW   GENERALLY  UNIFORM  THROUGHOUT  LENGTH  OK  TUBE 

Seventy-eight  asphalts,  which  are  representative  of 
nearly  every  source  and  method  of  manufacture  used  in 
the  United  States,  were  studied  in  this  investigation. 
Thirty-nine  of  these  materials  were  of  the  50-60  pene- 
tration grade  and  39  were  of  the  85-100  penetration 
grade.  Physical  and  chemical  tests,  both  routine  and 
special,  have  been  made  on  all  these  asphalts,  and  are 
included  in  a  report  by  Lewis  and  Welborn.4 

<  The  Physical  and  Chemical  Properties  of  Petroleum  Asphalts  of  the  50-60  and 
85-100  Penetration  Grades.  Annual  meeting  of  Association  of  Asphalt  Paving 
Technologists,  Chicago,  111.,  Jan.  1940.    PUBLIC  ROADS,  March  1940,  vol.  21, 

Ne.  1. 


Table  5  gives  all  available  data  on  the  source  and 
method  of  refining  these  materials.  Table  6  shows 
penetrations,  softening  points,  and  the  kinematic 
viscosities  at  two  temperatures  of  these  asphalts. 

Table  5. —  Source  and  7nethod  of  refining  asphalt  cements 


Identifi- 
cation 
No. 

Pro- 
ducer 
iden- 
tifica- 
tion 

1 

2 1 

1 
2 

3... 

4 

3 

4 

fi    . 

7 

8... 

9 

5 

6-A 

7-A 

8 
9 

10 

11 

12... 

13 

14 

10 
11 

6-B 
12 
13-A 

15    

13-B 

16    

17 

18 

19 

7-B 
6-C 

14 
15 

20 

16-A 

21 

16-B 

22 

17 

23 

18 

24      

19- A 

25 

26 

27 

28 

29. 

19-B 
19-C 
20-A 
20-B 
21 

30 

22 

31.. 

23 

24-A 

33 

24-B 

34    

35    

36    

37 

25-A 
25-B 
25-C 
26-A 

38 

39. 

40 .. 

26-B 

27 
28 

California,  Coalinga  field .- 
California,  San  Joaquin  Val- 
ley field. 

....do 

....do 

California,  Elk  Hills  field.. 

Colombia 

Mexico,  Ebano  field 

Mexico 

Mexico,  Panuco  field 

do 

.   ..do 

Mexico  ... 

Venezuela _ 

Venezuela,    Mene    Grande 

field. 
....do 

Venezuela 

do. 

...do.. 
Arkansas,  Smackover  field  - 

.-do 

...do 

Arkansas,  Nevada  County. 

Oklahoma,     Cement     and 

Walters  field. 
Oklahoma 

do 

do 

do' 

-..do 

Oklahoma,    Healdton    and 

Graham. 
Kentucky  and  Illinois 

Mexican  -  duo  -  sol  -  resid- 
uum from  Oklahoma 
crude. 

Kansas. 

....do. 

W  y  om  ing 

Unknown 

...do 

Mexico  and  domestic  Gulf 
Coast. 

.do 

Texas,  Westbrook  field 

Kentucky  


Method  of  refining 


Vacuum  distillation. 

Reduction  and  steam  distillation. 

Do. 
Steam   distillation   in  continuous- 
tube  still. 
Vacuum  distillation. 
Vacuum  distillation  with  pipe  still. 
Straight  steam  distillation. 

Steam     distillation     in     Trumble 
(pipe)  still. 

Vacuum  distillation  in  pipe  still. 
Do. 

Fire  and  steam  distillation. 

Continuous  distillation  under  sub- 
atmospheric  pressure  with  steam. 

Distilled  in  batch  stills  at  atmos- 
pheric pressure  with  steam. 

Straight  steam  distillation. 

Vacuum  distillation  in  pipe  still. 

Steam  distillation. 

Vacuum  distillation  at  a  low  tem- 
perature. 

Vacuum    distillation,    89    melting 
point  flux. 

Vacuum   distillation,   101   melting 
point  flux. 

Pipe    still    distillation    unit    and 
vacuum  bubble  tower. 


Vacuum   distillation   in   pipe  still, 
partially  oxidized. 
Do. 
Do. 


Fire  and  steam  distillation,  possibly 
blown. 

Steam  distillation  and  air  con- 
version in  batch  shell  stills. 

Straight  run. steam  refined,  vacuum 

process. 
Produced      from      Winkler-Koch 

Shell  still. 
Fire  and  steam  distillation. 
Do. 
Do. 


Dubbs  cracking  process. 


'Source  assumed,  considering  the  producer  mid  from  the  interpretation  of  list 
results. 

True  viscous  liquids  have  laminar  or  straight-line 
How  in  a  capillary  tube.  In  deriving  the  formula  for 
this  instrument  it  is  assumed  that  the  materials  under 
test  are  such  viscous  liquids.  The  theoretical  formula 
is  also  derived  from  a  consideration  of  the  viscous  resis- 
tance  between  parallel  layers  of  the  substance  being 
tested,  when  these  layers  are  moving  at  various  speeds 
from  zero  a  I  the  outer  wall  of  the  tube  to  a  maximum 
at  the  axis.  This  condition  is  fulfilled  in  most  capillary 
viscosimeters  by  wetting  the  tube  with  the  material 
under  test  before  the  determination  is  made.  How- 
ever, with  opaque  substances  such  as  bituminous 
materials  this  is  not  practical,  and  the  determination  is 
made  by  timing  the  rise  in  a  clean  tube. 

In  order  to  ascertain  the  effect  of  these  deviations 
from  the  theoretical  conditions  on  the  flow  of  the  as- 
phalts in  the  tube,  tests  were  made  in  which  the  times 
of  rise  for  various  increments  of  height  were  recorded. 
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Table  6. — Consistency  of  the  asphalts  studied 


Identi- 
fication 
No. 


1.. 

2.. 

3.. 

4. 

5._ 

6.. 

7.. 

8.. 

9_. 

10. 

11. 

12. 
13. 
14. 
15 
16. 
17. 
is 
19. 
20. 


21. 
22. 
23. 
24. 
25. 
26. 
27. 
28. 
29. 
30. 

31. 

32. 
33. 
34. 
35. 
36. 
37. 
38. 
39 
40. 


50-60  penetration  grade 


Soft- 
ening 
point 


Pene- 
tration 
100  gm. 
5  sec  . 
25°  C. 


"C. 

48.  1 
48.0 
47.9 
48.0 
48.8 
52.2 
55.3 
54.7 
55.4 
54.8 

56.7 
55.  8 
55.3 
52.2 
52.  0 
55.8 
53.2 
54.1 
51.8 
58.4 

54.6 
58.4 
48.8 
55.  1 
52.8 
54.0 
55.;; 
52.0 


55.1 

56.2 
53.1 
52.8 
53.4 
50.8 
51.9 
55.8 
55.4 
53.8 
50.5 


Kinematic  viscosity 


At  65°  C. 


Centistokes 

xio-* 

10.0 
16.5 
10.5 
14.7 
10.7 
25. 1 
39.9 
68.8 
53.9 
53.1 

55.1 
50.  1 
100.6 
24.7 
46.6 
78.5 
37.5 
32.8 
22.3 
76.9 

31.4 

76.2 
7.3 
63.3 
30.  4 
45.4 
39.2 
24.6 


53.3 

62.2 
19.9 
16.8 
46.  3 
20.0 

2.S    II 

54.9 
79.0 
40.5 
23.8 


At  85°  C. 


Soft- 
ening 

point 


Centistokes 

xio-* 

1.29 
2.07 
1.18 
1.20 
1.49 
2.28 
3.58 
5.05 
5.61 
5.76 

fi.  16 
5.77 
7.25 
2.43 
3.31 
6.10 
4.20 
4.05 
2.69 
5.45 

3.  17 
6.33 
.76 
4.73 
3  02 
2.89 
3.79 
2.53 

4.02 

5.  1 1 

3.  15 
1.02 
3.69 
1.74 
2.56 

4.  76 
.'.  24 
3.  11 
1.46 


85-100  penetration  tirade 


°C. 

44.9 
44.1 
44.2 
44.2 
45.0 
47.0 
49.0 
49.7 
49.2 
49.5 

48.5 
48.4 
47.4 
46.2 
46.2 
47.0 
47.8 
50.4 
46.4 
49.3 

46.1 
47.3 
44.4 
47.7 
48.0 
48.6 
46.6 
46.3 
45.2 
46.9 

49.3 
19  5 

48.4 
46.9 
46.9 
49.6 
48.0 
49.  5 
46.8 
45.0 


Pene- 

tr.it  Mm 
lOOgm. 
5  sec, 
25°  C. 


Kinematic  viscosity 


At  55°  C. 


Ct  ntistoki  i 

xio-< 

25.2 
27.0 
23.3 
22.5 
34.7 
43.8 
65.9 
60.4 
75.6 
80.  1 

68  9 

67.7 
52.7 
36  ii 
41.2 
75.  1 
70,  7 
74   1 

41  4 
71.3 

42  6 

62.  6 
26.3 


75°  C. 


34.6 
54.5 
59.1 
32.5 
25.  1 
59.8 

79. 0 

45.1 
46  6 

57.0 
38.4 
84.2 
59.0 
111.2 
47.7 
34.3 


Cenlistokes 

xio-* 

1.62 
1.93 

1.92 
1.75 
2  lit', 
3.84 

5.  9'.' 
4    II 

6.  24 
6.31 

6.20 
:,  68 
4.  10 
3.07 
3.  17 
5.06 
-i  28 
5.9R 
3.70 
5.26 

3.  7(1 
4.58 
1.77 


3.  99 
■1  32 
2.  66 
1  88 
4.20 

5,  98 
3.73 
2.  50 
4  117 
3.03 
4.66 
4  29 
6.02 
3.44 
2.45 


These  tests  were  made  on  the  85-100  penetration  as- 
phalts at  55°  C.  only.  Asphalts  2  to  18,  inelusive, 
with  the  exception  of  asphalt  14,  were  tested  at  the 
following;  intervals  of  height  (in  centimeters):  2  to  3, 
2  to  4,  2^to  5,  2  to  6,  3  to  6,  4  to  6,  and  5  to  6.  Asphalts 
19  to  40,  inclusive,  with  the  exception  of  asphalts  24 
and  26,  were  tested  at  the  following  intervals  (in  centi- 
meters) :  2  to  3,  3  to  4,  4  to  5,  and  5  to  6. 

In  general,  at  least  two  rounds  of  tests  were  made 
with  each  of  these  height  intervals.  The  average,  the 
maximum  and  minimum  calculated  value,  the  height 
intervals  at  which  the  maximum  and  minimum  occurred 
and  (he  maximum  and  average  deviations  from  the 
mean  for  each  round  arc  shown  in  table  7. 

All  asphalts  showed  some  deviation  in  the  results, 
and  there  was  considerable  difference  in  the  behavior 
of  the  various  samples.  The  maximum  deviation 
from  the  mean  varied  from  zero  for  one  round  on  sam- 
ple 33  to  as  high  as  N.4  percent  for  one  round  on  sample 
27.  While  a  few  of  the  asphalts  showed  very  erratic 
results,  as  will  be  discussed  later,  in  general  there  was 
no  definite  trend  either  in  the  height  interval  at  which 
the  maximum  or  minimum  occurred  or  in  the  effect  of 
the  source  or  type  of  manufacture  on  results. 

In  general  the  maximum  viscosities  were  obtained 
more  frequently  for  the  larger  values  of  l2  and  the  mini- 
mum viscosities  for  the  lower  values  of  <2-  However, 
this  trend  is  not  definite  enough  to  draw  any  positive 
conclusions.  There  was  no  point  in  the  tube  which 
gave  consistently  high  or  low  values.  The  average 
maximum  deviation  from  the  mean  for  group  A  was 


1.2  percent,  and  for  group  B  was  1.3  percent.  The 
mean  deviation  averaged  0.5  percent  for  group  A  and 
0.7  percent  for  group  B. 

Table  7. — Effect  of  various  values  of  U  and  l2  on  the  computed 
values  for  viscosity  of  the  asphalts  of  the  85-100  penetration 
grade  at  55°  C. 

A.  CALCULATIONS  FOR  INTERVALS  OF  2  TO  3  CM.,  2  TO  4  CM., 
2  TO  5  CM.,  2  TO  6  CM.,  3  TO  6  CM.,  4  TO  6  CM.,  AND  5  TO  6  CM. 


Kinematic  viscosity 

Interval 

Deviation  from 
mean 

Identifica- 
tion No. 

Maximum 

Minimum 

Average. 

For 
maxi- 
mum 

value 

For 
mini- 
mum 
value 

Maxi- 
mum 

Aver- 
age 

2 

<  v  nlistokes 

xio-< 

f  27.2 
\  27.2 
/  23.6 
\  23.6 
J  22. 8 
\             22.8 

33.8 
I            35.3 

36.3 

44.8 
I            44.4 

43.9 
f  68.4 
\  65. 7 
J  60.8 
\  61.5 
f  75.2 
\  76.4 
f  80.5 
\  81.0 
J  69.4 
\  68.9 
/  66.9 
I  69.0 
/  53.1 
\            53.1 

41.8 
f  75.4 
\  75.8 
f  71.3 
\  71.1 
i  74.7 
\            76. 3 

i  (  ntistokes 

xio-* 

26.7 
26.8 
23.0 
23.1 
22.2 
22.  4 
33.1 
34.8 
35.4 
43.3 
43.2 
43.2 
65.8 
64.0 
nil  II 
59.6 
74.5 
76.1 
78  8 
80.0 
69.2 
68.2 
66.4 
68.3 
51    9 
51.  9 
40.8 
74.7 
74.0 
70.3 
70.3 
72.9 
72.6 

Centistokes 

xio-* 

27.0 
27.0 
23.2 
23.3 
22.5 
22.6 
33.4 
35.0 
35.  S 
44.1 
43.7 
43.0 
66.7 
65.1 
60  3 
60  6 
75.0 
76.2 
79.8 
80.4 
69  :i 
68.  5 
66.  6 
68.8 
52.6 
52.7 
41.2 
75.1 
75.1 
70.7 
70.  6 
73.6 
74.6 

Cm. 
2-4 
4-6 
5-6 
5-6 
2-3 
1-4. 
5-6 
5-6 
5-6 
5-6 
2-3 
4-5 
5-6 
5-6 
2-3 
5  6 
4-6 
3-6 
4-6 
4-6 
2-3 
5-6 
5-6 
3-6 
5-6 
4-6 
2-3 
2-5 
2-4 
5-45 
5-6 
5-6 
5-6 

Cm. 
2-5 
2-4 
2-5 
2-5 
2-5 
5-6 
2-5 
2-5 
3-6 
2-3 
2-5 
3-4 
2-4 
2-3 
2-5 
2-4 
2-3 
2-4 
2-3 
2-4 
2-4 
2-3 
2-5 
2-3 
2-4 
2-4 
4-6 
5-6 
2-3 
2-5 
3-6 
4-5 
2-3 

Percent 
1.1 

\.l 

1.3 

1.3 

.9 

1.2 

.  9 

\A 

1.8 

1.6 

.9 

2.5 

1.7 

.8 

1.7 

.7 

.3 

1.3 

.8 

.  1 

.6 

.5 

.7 

1.0 

1.5 

1.5 

.5 

1.5 

.8 

.7 

1.5 

2.7 

Pern  at 
I).  6 

3    

.9 
.6 
.8 
.5 
.6 
.4 

4              

5 

6 

i!o 

7. 

8 

.6 
.9 

.4 
.7 
.2 

9  .  .     

10. 

11 

.1 
.3 
.3 
.3 

12 

13 

15. 

.8 

16... 

.2 
.5 
.4 
.3 
.6 
1.2 

17 

18 

Average.. 

1.2 

0.5 

CALCULATIONS  FOR  INTERVALS  OE  2  TO  3  CM. 
4  TO  5  CM.,  AND  5  TO  6  CM. 


3  TO  4  CM. 


f 

42.0 

40  3 

41.2 

3-4 

2-3 

2.2 

0.6 

19 

41.8 

41.  1 

41.5 

4-5 

5-6 

1.0 

.6 

1 

41.9 

41.3 

41.6 

2-3 

5-6 

.7 

.5 

211 

{ 

72.8 

70.4 

71.5 

2-3 

4-5 

1.8 

1.0 

71.5 

70.7 

71.2 

4-5 

3-4 

.  7 

.4 

21 

{ 

43.0 
43.3 

42.  5 
41.7 

42.7 
12  5 

3-4 

1  5 

4-5 
5  i'i 

.7 

.5 

I 

63.3 

62.  0 

62.  6 

2-3 

5-6 

1.  1 

.8 

22 

1 

1 

64.  1 
62,  3 

62.  7 
61.3 

63.  1 
111.  7 

2-3 
5-6 

5-6 
2-3 

1    1 
1.0 

.5 

.5 

{ 

26.  6 

26.  2 

26.  5 

.1    1 

5  6 

I.  1 

.6 

26.  4 

26.  6 

26.  2 

3-4 

4-5 

.8 

.4 

| 

34.7 

34.  1 

34,  5 

5  6 

2-3 

1.2 

.5 

25 

1 

34.3 

35.8 

33.7 
35.1 

31.0 
35  .". 

1-5 
2-3 

2  3 

4-5 

1    1 

.  5 

.8 

| 

33.7 

32.6 

33.  2 

2-3 

4-5 

1.8 

.8 

28. 

32.8 

32.  3 

32  6 

4-5 

3-4 

.9 

.6 

1 

32.0 

31.3 

31.6 

5-6 

3-4 

I  3 

7 

29 

{ 

25.  0 

24  9 

24.  9 

3-6 

2-5 

.4 

.4 

25.  5 

25.  3 

25.  3 

.5-6 

2-3 

.8 

.  2 

| 

60.  3 

58. !) 

59.  7 

2-3 

3-4 

1.3 

.  5 

30. .    ... 

1 

61.7 

60.  n 

58.  5 
59  3 

60.  0 
59,  7 

2-3 
2-3 

3-4 
5-6 

2.8 

2.  (1 

.  7 

32 

( 

45.  6 

44.6 

45.  0 

5-6 

2  3 

1.3 

A 

45.  6 

44.8 

15  t 

I 

44.  4 

44.4 

44.4 

3-4 

5-6 

n 

0 

33 

1 
1 

46.7 

1.-.  8 

46.  1 

5-6 

3    1 

1.3 

.6 

49.  9 

48.7 

49.  1 

2-3 

5-6 

1.6 

.7 

31 

{ 

57.1 

55.  4 

56. 1 

5-6 

2  3 

2-3 

1.8 

2.  2 

.9 
.6 

55.2 

53.  2 

54.0 

4-5 

I 

37.7 

37.1 

37.4 

5-6 

2-3 

.8 

.5 

35      

1 

38.8 
39.9 

38.0 
38.8 

38.5 
39.3 

4-5 
5-6 

2-3 
2-3 

1   3' 
1.5 

.8 

1.  1 

36.. 

{ 

84.  9 

81.9 

83.  2 

5-6 

3-4 

2.0 

1.2 

85.  6 

84.8 

85.  2 

4-5 

3-4 

.5 

.4 

37 

{ 

59.3 

57.  9 

58.  5 

5-6 

2-3 

1.4 

.  i 

60.5 

58.7 

59.  4 

4-5 

3-4 

1.9 

1.0 

40 

{ 

34.6 

34.  1 

34.4 

2-3 
3-4 

5-6 
4-5 

.9 
1.8 

.5 
.8 

34.5 

33.  5 

34.  1 

Average.    . 

1.3 

7 
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Table  7.— Effect  of  various  values  of  It  and  l2  on  the  computed 
values  for  viscosity  of  the  asphalts  of  the  85-100  penetration 
grade  at  55°  C. — Continued 

C.  SAMPLES  SHOWING  ERRATIC  RESULTS 


Kinematic  viscosity 

Interval 

Deviation  from 
mean 

Identifica- 

tion No. 

For 

For 

Maximum 

Minimum 

Average 

maxi- 
mum 
value 

mini- 
mum 
value 

Maxi- 
mum 

Aver- 
age 

Centistokes 

Centistokes 

Centistokes 

xto-* 

x  to- 

xio-* 

Cm. 

Cm. 

Percent 

Percent 

f            65.6 

rn.  6 

62.5 

2-3 

5-6 

5.0 

2.4 

27 

\            61.9 
72.3 

57.1 
62.7 

59.4 
66.7 

2-3 
2-3 

5-6 
5-6 

4.2 
8.4 

2.9 

4.8 

f           80.8 

75.0 

78.  1 

5-6 

2-3 

4.0 

2.4 

31 

82.6 
80.7 

80.0 
77.5 

81.1 
79.6 

5-6 
5-6 

2-3 
2-3 

1.8 
2.6 

1.  1 

1.5 

38 

f           113.8 
1           115.6 

108.  3 

111.0 

5-6 

2-3 

2.5 

2.2 

107.3 

111.4 

5-6 

2-3 

3.8 

2.4 

39.... 

f           47.8 
\            49.2 

47.2 

47.5 

2-3 

5-6 

.6 

.2 

45.6 

47.9 

3-4 

4-5 

4.8 

1.2 

Samples  27,  31,  38,  and  39  gave  results  showing 
much  greater  deviations  from  the  mean  than  did  the 
other  materials.  These  samples  are  also  peculiar  as 
judged  by  the  trend  which  the  results  showed.  In  all 
rounds  sample  27  showed  a  progressive  decrease  in  the 
calculated  viscosity  as  the  value  of  U  increased.  For 
example,  results  on  one  round  were:  65.6X10  4  centi- 
stokes for  2  to  3  centimeters;  62.4X10  4  for  3  to  4 
centimeters;  61.5X10  4  for  4  to  5  centimeters;  and  60.6 
X10  4  for  5  to  6  centimeters.  For  samples  31  and  38, 
the  opposite  condition  was  true — the  calculated  viscos- 
ity increased  as  the  value  of  l2  increased.  For  sample 
31,  one  round  showed  75.0X10  4  centistokes  for  2  to  3 
centimeters,  77.6X10  4  for  3  to  4  centimeters,  79.2  X  10  4 
for  4  to  5  centimeters,  and  80.8X10  4  for  5  to  6  centi- 
meters. Sample  39  gave  consistent  results  for  one 
round,  the  maximum  deviation  from  the  mean  being 
below  the  average;  but  for  the  other  round  there  was  a 
maximum  deviation  of  4.8  percent  even  though  the 
average  results  of  the  two  rounds  checked  very  closely. 

It  is  interesting  to  note  that  the  materials  known  to 
be  blends  of  different  base  asphalts  had  greater  devia- 
tions from  the  mean  than  most  of  the  other  materials. 
Samples  31  and  38  were  blends  and  showed  marked 
peculiarities  as  already  discussed.  Samples  30  and  37, 
also  blends,  showed  differences  from  the  ordinary,  but 
to  a  lesser  degree.  No  definite  information  as  to  the 
source  of  the  base  petroleum  or  the  method  of  manufac- 
ture was  available  for  sample  27,  but  there  is  a  possi- 
bility that  it,  too,  was  a  blend. 

These  results  indicate  that  the  inside  diameter  of  the 
tube  is  uniform  since,  if  this  were  not  true,  there  would 
be  separate  points  at  which  the  maximum  and  mini- 
mum values  would  be  obtained.  The  accuracy  of  the 
formulas  is  also  indicated  by. this  lack  of  any  systematic 
variation  in  results.  In  addition  to  this,  the  fact  that 
the  same  asphalt  shows  maximum  deviations  varying 
appreciably  between  separate  rounds  on  the  same  sam- 
ple indicate  that  for  this  grade  of  asphalt  the  condi- 
tions of  the  test,  the  procedure,  and  the  exactness  of 
recording  the  data,  cannot  be  expected  to  give  an  accu- 
racy better  than  about  1  percent  for  calculations  made 
with  various  height  intervals. 

All  of  the  asphalts  of  the  50-60  grade  were  tested  at 
65°  and  85°  C,  and  all  those  of  the  85-100  grade  were 
tested  at  55°  and  75°  C.     These  results  are  reported  in 


table  6.  Other  tests  were  made  on  a  selected  group  of 
the  asphalts  over  a  range  of  temperature  from  45°  to 
90°  C,  as  shown  in  table  8. 

Table  8.   Kinematic  viscosity  of  selected  asphalts  at  various 
temperatures 

50-60  PENETRATION  GRADE 


Identification 

Kinematic  viscosity  at — 

No. 

45°  C. 

55°  C. 

60°  C. 

65°  C. 

70°  C. 

75°  C. 

80°  C. 

85°  C. 

90°  C. 

3 

Centi- 
stokes 

xto-* 

Centi- 
stokes 

xto-* 

Centi- 
stokes 

xio-* 

21.6 
78.7 

Centi- 
stokes 

xw-< 

10.5 
39.9 
100.6 
24.7 
46.6 
7.3 
63.3 
30.4 
45.4 
53.3 
62.2 
29.9 
16.8 
23.8 

Centi- 
stokes 

xio-* 

19.5 
59.1 
12.9 
22.8 

20.2 
26.4 
26.5 
16.5 
7.0 
11.5 

Centi- 

StoiiS 

xio-* 

3.41 
28.23 

11.70 
2.14 

17.01 
9.47 
9.95 

13.61 

9.80 
3.40 
4.52 

Centi- 
stokes 

xio-* 

2.53 
5.94 
12.20 
4.01 
5.64 

8.84 
5.24 
5.38 

8.12 
4.83 

2.88 

1 1  Mi- 
stakes 

xto-> 

1.18 
3.58 
7.25 
2.43 
3.31 
.76 
4.73 
3.02 
2.89 
4.02 
5.11 
3.15 
1.02 
1.46 

Centi- 
stokes 
X/0-' 

7 

167 

13 

14   

120 

51.6 

15 

23 

16.0 

24   

330 

147 
248 

2.82 

25 

1.82 

26.. 

1.77 

30 

31 

270 

148 

104.  4 

32 

33 

.65 

40. 

48.4 

85-100  PENETRATION  GRADE 
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23.3 

6.2 

1.92 

0.64 

387 

65.9 

19.5 

5.92 

2.31 

364 

52.7 

14.6 

4.10 

1.54 

237 

36.0 

9.4 

3.07 

1.12 

278 

41.2 

10.8 

3.17 

1.15 

233 

26.3 

7.2 

1.77 

.69 

205 

34.6 

10.2 

2.99 

1.21 

345 

59.8 

15.2 

4.20 

1.62 

513 

79.6 

22.2 

5.98 

2.23 

315 

45.1 

12.8 

3.73 

1.43 

593 

46.6 

9.6 

2.50 

.82 

291 

34.3 

8.6 

2.45 

.81 

GREATER  PRECISION  OBTAINED  FOR  LIQUID  PRODUCTS  THAN  FOR 
SEMISOLID  ASPHALTS 

These  reported  results  are  the  average  of  two  or  three 
tests;  two  when  there  was  close  agreement,  and  three 
or  more  when  the  difference  in  results  of  the  first  two 
tests  was  rather  large.  Since  it  was  of  primary  interest 
to  gain  a  definite  knowledge  of  the  ability  to  get  check 
results  with  this  type  of  material,  an  analysis  of  the 
maximum  percentage  deviation  from  the  mean  is  shown 
in  table  9.  The  total  number  of  samples  tested  at  each 
temperature  and  the  number  of  samples  which  had 
maximum  deviation  from  the  mean  between  various 
percentage  limits  are  shown.  The  average  maximum 
deviation  for  all  tests,  and  for  values  below  6.1  percent, 
are  also  included. 

The  average  maximum  deviation  from  the  mean  for 
all  tests  on  the  asphalts  of  50-60  penetration,  excluding 
those  values  of  6.1  percent  or  greater,  was  2.3  percent; 
and  for  the  asphalts  of  85-100  penetration  was  1.4  per- 
cent. The  asphalts  of  the  85-100  grade  were  tested 
after  the  changes  in  the  apparatus  had  been  made,  as 
previously  described.  Therefore,  it  is  believed  that  the 
average  maximum  deviation  of  1.4  percent  more  nearly 
represents  the  accuracy  of  the  test  than  the  higher  figure 
obtained  with  the  50-60  grade. 

It  will  be  noted  that  72.8  percent  of  the  tests  on  the 
85-100  grade  checked  within  2  percent  and  85.1  percent 
had  maximum  deviations  of  less  than  3  percent.  In 
general,  with  most  asphalts  of  these  grades  the  operator 
should  be  able  to  obtain  checks  within  ±2  percent 
deviation  from  the  mean,  by  running  3  or  4  trials. 
However,  some  asphalts  exhibit  peculiarities  and  the 
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results  of  repeated  trials  will  not  check  closely  despite 
every  precaution  of  the  operator. 

Table  9. — Precision  of  test  results  obtained  with  asphalts  of  the 
50-60  and  85-100  penetration  grades 


50-60  PENETRATION  ( 

>RAD 

E 

Number  of  sampl 

3S  with 

maximum 

A  verage 

Num- 

deviation from  the  mean 

between— 

deviation 

ber 
of 

Test  temperature.  °C. 

sam- 

For 

ples 

0-1.0 

1.1- 

"2.1- 

3.1- 

4.1- 

6.1  + 

For 

val- 

test- 

2.0 

3.0 

4.0 

6.0 

all 

ues 

ed 

c  nt 

per- 

per- 

per- 

per- 

cent 

val- 

less ' 

cent 

cent 

cent 

cent 

ues 

than 

6.1 

Per- 

Per- 

cent 

cent 

55     

4 

12 
39 
10 
11 
11 
39 

4 

3 

0 

14 
4 
2 
5 

13 
2 

0 
1 
8 
2 
3 
1 
10 
1 

1 

4 

8 
1 
2 
2 
7 
0 

0 

4 
4 
0 
1 
2 
2 
0 

0 
1 
5 
1 
0 
1 
3 
1 

0 
2 
0 
2 
3 
0 
4 
0 

0.9 
3.5 
2.1 
2.6 
3.5 
1.9 
2.2 
1.8 

0.9 

60     _                  

3.0 

65-.. 

2.1 

70.                         

1.5 

75 

1.8 

80 

1.9 

85        

1.7 

90 

1.8 

Total 

130 

43 
33.1 

26 
20.0 

25 
19.2 

13 
10.0 

12 
9.2 

11 
8.5 

2.4 

2.3 

85-100  PENETRATION  GRADE 


45 

12 
39 
12 
39 
12 

3 

24 
5 

1(1 
5 

2 

8 
2 
13 
2 

3 

4 
0 
4 
3 

2 
1 

1 
2 
1 

2 
1 
2 
1 
1 

0 
1 
2 
0 
0 

2.5 
1.4 
2.7 
1.2 
1.7 

2.5 

65 

1.1 

65  .. 

1.6 

75 

1.2 

85 

1.7 

Total. 

114 

56 
49.1 

27 
23.7 

14 
12.3 

7 
6.15 

7 
6.15 

3 
2.6 

1.6 

1.4 

The  most  striking  example  of  this  erratic  behavior 
was  sample  33  of  the  85-100  penetration  grade.  This 
material  was  a  cracked  product  which  showed  a  positive 
spot  in  xylene  when  tested  according  to  the  Oliensis 
method.  The  test  results  on  this  sample  are  given  in 
table  10. 

Sample  27  of  the  85-100  penetration  grade,  which 
showed  the  greatest  deviation  in  the  same  round 
(table  7),  also  gave  the  greatest  difficulty  in  obtaining 
check  results  at  55°  C.  Six  tests  were  made,  the 
results  varying  as  follows:  52.6  X104;  58.8 X104;  54.8 X 
104;  62.5X104;  59.4X104;  66.7X104.  The  average  was 
59.1  X104.  The  maximum  deviation  from  the  mean  is 
12.6  percent.  The  results  at  75°  C.  for  this  sample 
did  not  show  this  same  irregularity  but  checked  within 
0.6  percent  deviation  from  the  mean. 

Table  10. — Results  of  tests  on  sample  S3 


Test 
tempera- 
ture 

Kinematic  viscosity  determination- 

Maxi- 
mum 

No.  1 

No.  2 

No.  3 

No.  4 

Average 

devia- 
tion 
from 

mean 

0  C. 

5 

5 

Centistokes 

587.9 
44.39 

Centistokes 

xio-* 

563.6 
46.  13 
10.44 
2.506 
.84 

Centistokes 
X10-* 
623.9 
49.14 
8.85 
2.494 

Centistokes 
X10-* 
i  464. 6 

Centistokes 

x/o-< 

593.4 
46.6 
9.6 
2.50 
.82 

Percent 
5.1 
5.6 

5 U2.28 

5 13.000 

9.89 

8.3 
.3 

5 

2.5 

'Test  not  included  in  average. 


.  For  testing  the  asphalts  of  the  85-100  penetration 
grade,  the  greatest  average  maximum  deviation  for  all 
values  varying  less  than  6.1  percent  was.2. 5  percent  and 


this  value  was  obtained  for  tests  made  at  45°  C,  the  low- 
est temperature  used  for  this  grade  of  material.  At  the 
lowest  test  temperature  used  for  the  50-60  penetration 
asphalts,  which  was  55°  C,  only  seven  asphalts  were 
tested  and  on  three  of  these  only  one  test  was  made. 
The  four  that  were  checked  had  an  average  maximum 
deviation  from  the  mean  of  only  0.9  percent.  However, 
the  average  maximum  deviations  from  the  mean  for  the 
50-60  grade  asphalts  tested  at  60°  C.  and  65°  C, 
excluding  all  values  of  6.1  percent  or  greater,  were 
higher  than  those  values  obtained  at  the  higher  tempera- 
tures. These  results  indicate  that  the  instrument  is 
less  accurate  for  the  determination  of  high  viscosities  of 
the  magnitude  obtained  near  temperatures  of  the 
softening  points  of  the  asphalts. 

A  number  of  liquid  asphaltic  materials  of  the  rapid-, 
medium-,  and  slow-curing  types,  as  well  as  two  asphalts 
of  approximately  200  penetration,  also  were  tested  for 
kinematic  viscosity  with  this  instrument.  All  of  these 
materials  were  tested  at  35°  C,  the  temperature  used  in 
the  work  reported  by  Rhodes,  Volkmann,  and  Barker.1 
Eleven  samples  were  tested  also  at  25°  C.  and  50°  C. 
The  results  of  these  tests  are  shown  in  table  11. 

The  viscosities  of  these  materials  at  the  test  temper- 
ature of  35°  C.  ranged  from  513  centistokes  for  the  RC 
material  to  138  X104  centistokes  for  one  of  the  200 
penetration  asphalts.  As  in  the  case  of  the  work  done  on 
the  harder  asphalts,  two  or  more  determinations  were 
made  on  the  same  sample,  and  the  mean  of  these  results 
is  the  value  reported  for  the  viscosity.  The  maximum 
percentage  deviation  for  the  tests  on  each  sample  is 
also  shown  in  table  11.  It  will  be  noted  that  more 
consistent  results  were  obtained  with  these  less  viscous 
materials  than  with  the  semisolid  asphalts.  The 
greatest  maximum  deviation  from  the  mean  was  only 
2.6  percent  and,  out  of  49  tests,  only  7  had  maximum 
deviations  from  the  mean  of  2  percent  or  more.  Thirty- 
five  samples  checked  within  1  percent  or  less.  Test 
values  widely  different  from  the  mean,  as  reported  for 
some  of  the  asphalts,  were  not  obtained  with  these 
materials.  In  most  cases  three  tests  were  made  for 
each  sample,  and  all  the  results  were  used  to  compute 
the  average.  The  tests  made  on  these  materials  indi- 
cate that  the  instrument  has  a  relatively  wide  range, 
and  that  the  consistency  of  a  large  number  of  asphaltic 
materials  can  be  determined  adequately  at  a  tem- 
perature of  35°  C. 

VISCOSITY-TEMPERATURE  DATA   PLOTTED   TO   GIVE   A   STRAIGHT 

LINE 

The  data  shown  in  table  6  on  the  kinematic  viscosities 
of  all  the  asphalts  of  each  grade  serve  to  emphasize  the 
known  fact  that  asphalts  having  essentially  the  same 
consistency  at  25°  C.  may  have  widely  different  con- 
sistencies at  higher  temperatures.  For  example,  the 
viscosity  of  the  50-60  penetration  asphalts  at  65°  C. 
ranged  from  a  minimum  of  7.3  X104  centistokes  for 
sample  23  to  a  maximum  of  100.6X104  centistokes  for 
sample  13.  These  asphalts  had  penetrations  at  25°  C. 
of  60  and  51,  respectively.  The  same  relative  differ- 
ence is  shown  for  the  tests  made  at  85°  C.  While  the 
maximum  difference  is  not  as  great  with  the  85-100  grade, 
the  viscosities  ranged  from  22.5 X104  to  111.2X104 
centistokes  at  55°  C,  and  from  1.62  X104  to 
6.31  X104  centistokes  at  75°  C. 

Since  these  differences  are  known  to  exist,  knowledge 

i  New   Viscosimeter   for   Bitumens   Has  Extended  Range.     Engineering  News- 
Record,  vol.  115,  Nov.  21,  1935. 
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Table  11. —  Viscosity  determinations  for  various  types  of  asphaltic  materials 


Grade 
desig- 
nation ' 

Routine  consistency  determination 

Tests  at  25°  C. 

Tests  at  35°  C. 

Tests  at  50°  C. 

Type 

Furol 

viscosity 

Engler 

specific 

viscosity 

at  100°  C. 

Penetration 

100  gm.,  5 

sec.  at  25°  C. 

Kinematic 
viscosity 

Maximum 
deviation 
from  mean 

Kinematic 
viscosity 

Maximum 
deviation 
from  mean 

Kinematic 
viscosity 

Maximum 
deviation 
from  mean 

At  50°  C. 

At  60°  C. 

RC 

1 
2 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
4 
2 
2 
2 
2 
2 

(M 

(») 

m 

3 

4 
4 
(0 

(0 

Seconds 
108 
320 

Seconds 

Centislokes 

Percent 

Centistokes 
513 

262X10 
480X10 
532X10 
460X10 
505X10 
454X10 
453X10 
485X10 
497X10 
629X10 
519X10 
592X10 
588X10 
608X10 
277X102 
186X 10 
222X10 
412X10 
475X10 
416X10 
657X10 
355X10 
378X10 
153X102 
698X102 
366X102 
108X10' 
138X10' 

Percent 
1.0 
2.3 
.4 
.5 
.7 
.9 
.2 
.6 
.3 
.2 
.2 
.  1 
.5 
.5 
1.0 
.4 
2.0 
.4 
.1 
17 
1.2 
.3 
.8 
.8 
1.0 
.4 

Centistokes 

Peri  cnt 

RC 

794X10 

1.1 

584 

0.0 

RC 

292 
325 
310 
299 
307 
286 
313 
325 
380 
383 
377 
340 
364 
631 

RC 

RC 

RC 

RC 

RC 

RC 

RC 

RC 

RC 

RC 

RC  . 

RC 

K'l 

213 
234 

133X103 
588X10 
101X102 

1.1 
.8 

.7 

430X10 

487 

554 

2.0 

MC 

.4 

MC. 

2.2 

RC   - 

178 
196 
170 
225 
.247 
231 
366 

SC 

sc .  . 

168X102 
300X102 
785     !0 
964X10 
810Xi02 

.4 
13 
2  6 

.  4 
.7 

85S 

126X10 

106X10 

103X10 

241X10 

1.0 

RC 

.8 

PC 

!.  1 

SC 

.4 

SC... 

.4 

sc 

21.7 
16.2 

PC 

AP._ 

202 
212 

178X10' 
183X105 

(■') 

CO 

1.0 

.2 

761X102 
884X102 

2.2 

AP 

2.6 

«  Asphalt  Institute  Construction  Series  Number  51,  .Ian.  1,  1910,  except  as  noted  in  footnote  c. 
b  Falls  between  erades  2  and  3. 
'  Penetration  grade,  200-250. 
<i  Onlv  one  test  made. 


of  the  change  of  consistency  with  temperature  is  very 
desirable.  This  problem  has  recently  received  the 
attention  of  many  investigators.  In  order  to  determine 
the  suitability  of  the  instrument  for  obtaining  these 
data,  tests  were  made  over  a  range  of  temperature  for 
a  selected  group  of  asphalts.  Fourteen  of  the  50-60 
grade  asphalts  and  12  of  the  85-100  grade  were  tested 
at  temperatures  varying  from  slightly  below  the  soften- 
ing points  of  the  materials  to  90°  C.  Table  8  shows  the 
results  of  these  tests,  which  range  from  approximately 
6,000  to  6,000,000  centistokes. 

While  it  is  possible  to  obtain  higher  viscosities  than 
here  reported,  the  time  of  rise  becomes  so  long  that  it  is 
not  practical  to  run  tests  for  viscosities  higher  than 
6,000,000  centistokes.  For  this  value  the  time  of  rise 
from  2  to  3  centimeters  is  approximately  12  minutes  at 
the  maximum  vacuum  obtainable.  In  addition,  the 
time  of  rise  to  the  start  ins:  point  is  several  minutes. 

In  tests  run  for  other  investigations,  results  as  high 
as  31,000,000  centistokes  were  obtained.  However,  the 
time  required  for  one  test  was  approximately  3  hours. 
Inability  to  obtain  check  tests  and  the  time  required  in 
making  each  determination  renders  the  instrument  un- 
suitable to  use  for  such  high  viscosities. 

It  is  also  possible  to  obtain  viscosities  much  lower 
than  the  6,000  centistokes  reported  for  these  asphalts 
at  90°  C,  but  the  high  temperature  necessary  for  these 
grades  of  asphalt  makes  it  difficult  with  the  same  pro- 
cedure and  bath  normally  used.  With  additional 
heating  coils  and  suitable  liquids  for  the  thermostat,  it 
would  be  possible  to  extend  the  range  to  higher  tempera- 
tures than  here  used,  but  for  the  purpose  of  this  investi- 
gation this  was  not  considered  necessary. 

Graphical  presentation  of  results  is  very  desirable 
for  viscosity-temperature  data,  and  many  relations  have 
been  proposed  so  that  the  curve  when  plotted  becomes 


a  straight  line.  Several  investigators5  working  indepen- 
dently have  shown  that  for  a  liquid  of  definite  chemical 
composition  the  viscosity  should  change  with  tempera- 
ture according  to  the  formula: 

n=AeBiT 
where 

i±  =  absolute  viscosity, 
T=  absolute  temperature, 

e  =  constant  (base  of  Napierian  logarithms),  and 
A,  B=constants. 

When  this  formula  is  expressed  in  logarithmic  form  it 
becomes: 


log  M  =  log  A  +  i^J  log  e 


Thus  a  straight  line  should  be  obtained  when  log  /x 
is  plotted  against  the  reciprocal  of  the  absolute  tem- 
perature. 

The  data  shown  in  table  8  were  plotted  in  this  manner 
except  that  the  kinematic  instead  of  absolute  viscosity 
was  used.  However,  the  density  of  the  asphalts  is  so 
close  to  1  gram  per  cubic  centimeter  at  these  test  temp- 
eratures that  there  is  no  essential  difference  between 
the  curves  plotted  with  either  value. 

Figures  2  and  3  show  these  curves  for  each  grade  of 
asphalt.  As  will  be  noted,  the  curvature  of  the  line 
increases  as  the  temperature  approaches  the  softening 
point  of  the  asphalt.  As  will  be  shown  later,  there  is  a 
possibility  that  the  viscosities  obtained  with  the  instru- 
ment at  or  near  temperatures  of  the  softening  point  are 
higher  than  the  true  viscosities  because  of  the  limita- 
tions of  the  instrument.     Consequently,  the  curvature 

s  Elasticitv.  Plastic'ty  and  Structure  of  Matter,  by  Houwink.  Cambridge  Uni- 
versity Press  (1937),  p  38.  See  also.  E.  N.  da  C  Andrade,  Nature,  vol.  125  (1930) 
p.  5S0.    S.  E.  Sheppard.  J.  Rheologv,  vol.  1  (1930).  p.  349. 
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Figure  2. — Relation  Between  Log  Viscosity  and  Recipro- 
cal of  Absolute  Temperature  for  the  85-100  Penetra- 
tion Asphalts. 

shown  in  the  graph  may  be  somewhat  exaggerated. 
The  shape  of  each  curve  is  essentially  the  same,  alt  hough 
some  show  slightly  greater  curvature  than  others. 

Although  asphalts  are  not  liquids  of  a  definite  chemi- 
cal composition,  and  in  some  cases  exhibit  plastic 
properties,  these  curves  are  of  interest  since  they  take 
into  consideration  the  physical  characteristics  of  the 
asphalts  and  no  empirical  constants  have  been  intro- 
duced. It  is  believed  that  in  a  study  of  the  deviations 
from  a  true  liquid,  or  the  changes  in  susceptibility  over  a 
wide  range  of  temperature,  these  curves  would  be  very 
valuable.  However,  from  a  practical  standpoint  they 
have  no  direct  application  and  they  cannot  be  used 
to  calculate  a  susceptibility  factor  which  would  hold 
over  an  appreciable  range  of  temperature. 

As  discussed  by  Rhodes,  Volkmann,  and  Barker,3  an 
empirical  relationship  between  viscosity  and  tempera- 
ture has  been  established.     It  is: 


°&  \iog(Va2+o.8)J 


mXlog.  ~ 


where  val  and  va2  are  the  kinematic  viscosities  in  centi- 
stokes  at  the  absolute  temperatures  Tx  and  T2,  respec- 
tively. Ubbelohde,  Ullrich,  and  Walther6  found  this 
relationship  to  be  the  most  accurate  expression  for  the 

»  Consistency  Measurements  in  the  Coal  Tar  Industry,  by  Rhodes.  Volkmann,  and 
Barker.    Symposium  on  Consistency,  A.  S.  T.  M.,  June  1937. 

6  Beitrag  zur  Kennzeichnung  von  Teeren  und  Bitumen  auf  Grund  der  Abbangigkeit 
iher  Vjskositat  von  der  Temperatur,  Oel  und  Koble,  Veneinigt  mit  Endoel  und  Teer, 
vol.  11,  No  36,  Sept.  22,  1935,  pp.  684-690. 
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Figure  3. — Relation  Between  Log  Viscosity  and  Recipro- 
cal of  Absolute  Temperature  for  the  50-60  Penetration 
Asphalts. 

viscosity-temperature  data  for  coal  tars,  and  the  same 
formula  is  used  by  the  American  Society  for  Testing 
Materials  as  the  basis  for  the  construction  of  the  ten- 
tative standard  viscosity-temperature  charts  for  liquid 
petroleum  products.7 

SLOPE  OF  VISCOSITY-TEMPERATURE  CURVE  DIFFERS  FROM  V.  T.  S. 
COEFFICIENT  BY  A  CONSTANT  FACTOR 

For  high  viscosities  the  figure  0.8  added  to  the  kine- 
matic viscosity  lias  no  significance,  and  thus,  if  the 
double  logarithm  of  the  kinematic  viscosity  in  centi- 
stokes  is  plotted  against  the  logarithm  of  the  absolute 
temperature,  a  straight  line  should  be  obtained. 

The  data  in  table  8  were  plotted  in  this  way  and  sev- 
eral typical  curves  are  shown  in  figures  4  and  5.  With 
the  exception  of  some  of  the  viscosities  determined  at 
or  very  close  to  the  temperature  of  the  softening  point 
of  the  materials  under  test,  all  the  values  fall  close  to 
the  straight  line.  If  the  viscosities  at  temperatures 
close  to  those  of  the  softening  point  deviate  from  the 
straight  line  they  always  fall  above  it.  No  attempt  was 
made  to  determine  the  cause  of  this  deviation  since  no 
other  instrument  to  measure  absolute  viscosities  of  this 
magnitude  was  available.  This  deviation  may  be 
caused  by  a  change  in  the  susceptibility  of  the  asphalts 
at  temperatures  near  the  softening  point,  or  because  of 


7  Tentative  viscosity-temperature  chart  for  liquid  petroleum  products. 
D341-39T. 
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Figtjre  4. — Relation  Between  Log  Log  Viscosity  and  Log 
Absolute  Temperature  for  Selected  85-100  Grade 
Asphalts. 

the  inability  of  the  instrument  to  give  accurate  results 
at  these  high  viscosities.  However,  no  definite  con- 
clusions can  be  drawn. 

The  slope  m  of  the  viscosity-temperature  curve  can 
readily  be  calculated  from  the  viscosity  at  two  temper- 
atures or  from  the  graph  when  plotted.  The  equation 
for  the  slope  may  be  expressed  as  follows : 

_log  logyal  —  log  logya2 
logTi-logT, 

where  va\  and  va2  are  the  kinematic  viscosities  in  centi- 
stokes  at  the  absolute  temperatures  T\  and  T2  respec- 
tively. 

The  value  of  the  slope  m  was  calculated  for  all  the 
asphalts  using  the  viscosities  at  65°  C.  and  85°  C.  for 
the  50-60  penetration  grade  and  the  viscosities  at  55° 
C.  and  75°  C.  for  the  85-100  penetration  grade.  These 
data  are  shown  in  table  12.  While  the  sign  of  these 
slopes  is  always  negative,  this  sign  only  indicates  the 
direction  of  the  slope  and  is  not  shown  in  the  table. 

These  slopes  differ  by  a  constant  factor  from  the 
"viscosity-temperature-susceptibility"  (V.  T.  S.)  co- 
efficient which  has  been  proposed  by  H.  G.  Nevitt  and 
L.  C.  Krchma  8  as  a  temperature  susceptibility  index, 
and  which  these  authors  claim  gives  more  useful  infor- 
mation than  the  various  susceptibility  factors  based 
on  empirical  consistency  measurements.  The  V.  T.  S. 
coefficient  for  these  asphalts  can  be  calculated  by 
multiplying  the  slopes  as  given  in  table  12  by  the  factor 

8  The  Effect  of  Temperature  on  the  Consistency  of  Asphalts— the  Viscosity  Tem- 
perature Susceptibility  Coefficient  as  an  Index.  Industrial  and  Engineering  Chem- 
istry, Analytical  Edition,  vol.  9,  No.  3,  pp.  119-122  (1937). 
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Figure  5. — Relation  Between  Log  Log  Viscosity  and  Log 
Absolute  Temperature  for  Selected  50-60  Grade 
Asphalts. 

0.221.  The  V.  T.  S.  coefficient  also  can  be  determined 
directly  from  the  A.  S.  T.  M.  viscosity-temperature 
chart  when  the  data  are  plotted,  since  it  is  equal  to 
the  tangent  of  the  measured  angle  that  the  plotted 
line  makes  with  the  temperature  axis. 

Table  12. — Calculated  slope  1  of  the  log.  log.  kinematic  viscosity- 
log,  absolute  temperature  curves 


Slope 

Identifica- 
tion No. 

Slope 

Identifica- 
tion No. 

50-60 

penetration 

grade 

85-100 

penetration 

grade 

50-60 

penetration 

grade 

85-100 

penetration 

grade 

1.. 

2 

3.40 
3.30 
3.64 
4.11 
3.24 
3.72 
3.60 
3.75 
3.27 
3.21 
3.15 
3.13 
3.67 
3.59 
3.93 
3.62 
3.25 
3.13 
3.27 
3.78 

4.21 
4.00 
3.81 
3.92 
3.80 
3.51 
3.35 
3.70 
3.44 
3.50 
3.34 
3.45 
3.64 
3.61 
3.74 
3.76 
3.62 
3.92 
3.49 
3.63 

21 

22_ 

3.45 
3.52 
3.92 
3.75 
3.51 
4.17 
3.48 
3.52 

3.49 
3.69 

3    . 

23 

4.12 

4 

24.. 

25 

26 

5 

3.25 

6... 

3.73 

7 

27 

3.70 

8 

28 _ 

3.71 

9 

29  .. 

3.95 

10 

30 

3.79 
3.60 
3.42 
4.61 
3.75 
3.88 
3.72 
3.55 
3.87 
3.85 
4.44 

3.76 

11.. 

31 :._ 

3.57 

12 

32 

3.59 

13 

33 

4.29 

14... 

34 

3.75 

15 

16 

35 

36 

37 

38 

3.72 
4.03 

17 

18  . 

3.71 
3.97 

19 

39 

40 

3.79 

20 

3.92 

Calculated  from  kinematic  viscosity  data  given  in  table  6. 


and 


The   viscosity   values   obtained   on   the   50-60    . 
85-100  penetration  grade  asphalts  at  the  temperatures 
used  in  this  report  could  not  readily  be  correlated  with 
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Figure  6. — Relation  Between  Kinematic  Viscosity  and  Float  Test  at  Various  Temperatures. 

Table  13. — Float  test  and  interpolated  viscosity  at  various  temperatures 

50-60  PENETRATION  GRADE 


150 


Tests  at  50°  C. 

Tests  at  60°  C. 

Tests  at  70°  C. 

Tests  at  80°  C. 

Tests  at  90°  C. 

Identification  number 

Float 
test 

Kinematic 
viscosity 

Float 
test 

Kinematic 
viscosity 

Float 
test 

Kinematic 
viscosity 

Float 
test 

Kinematic 
viscosity 

Float 
test 

Kinematic 
viscosity 

3 _ 

Seconds 

Centistokes 

xio-* 

Seconds 
308 
751 
858 
443 
504 
237 
748 
493 
558 
821 
1,067 
606 
438 
438 

Centistokes 

xw-* 

21.6 
78.7 

241.0 
51.6 

102.7 
16.0 

139.5 
68.3 
99.5 

113.8 

104.4 
56.9 
31.3 
48.4 

Seconds 
160 
285 
310 
206 
214 
144 
267 
224 
232 
300 
352 
244 
204 
204 

Centistokes 

x/o-< 

6.0 
19.5 
59.1 
12.9 
22.8 

3.9 
32.2 
17.2 
20.2 
26.4 
26.5 
16.5 

7.0 
11.5 

Seconds 
108 
173 
160 
131 
135 
100 
152 
132 
144 
167 
193 
146 
123 
129 

Centistokes 

xio-* 

2.53 

5.94 
12.20 
4.01 
5.  64 
1.24 
8.84 
5.24 
5.38 
7.  13 
8.12 
4.83 
2.92 
2.88 

Seconds 
79 
120 
114 
96 
93 
66 
109 
97 
98 
117 
134 
108 
83 
88 

Centistokes 

x/o-1 

0.73 

7 

2.11 

13 - 

3.72 

14 

1.51 

15 

1.89 

23 

.46 

24 

2.82 

25. 

1.82 

26. 

1.77 

30 

2.37 

31 _ 

3.07 

32 

1.93 

33 

.  65 

40 

.94 

85-100  penetration  grade 


492 

1,187 

893 

729 

734 

567 

874 

966 

1,276 

770 

1,038 

839 

50 
137 
122 
75 
93 
62 
71 
124 
167 
96 
113 
82 

210 
457 
310 
273 
271 
223 
290 
340 
394 
296 
279 
283 

11.4 
35.2 
28.2 
18.2 
20.9 
13.5 
17.7 
29.1 
39.6 
23.4 
20.9 
17.2 

133 
217 
168 
155 
155 
130 
153 
164 
205 
172 
152 
158 

3.22 
10.30 
7.50 
5.26 
5.66 
3.55 
5.90 
8.11 
11.10 
6.68 
4.88 
4.32 

90 
139 
118 
109 
109 

89 
106 
112 
128 
115 
104 
104 

1.11 
3.68 
2.52 
1.80 
1.89 
1.14 
1.89 
2.67 
3.68 
2.26 
1.41 
1.35 

i3         

14         

15         

23..      

25..      

30             

31         

32         . 

33 

40 

the  empirical  tests  that  are  usually  employed  for 
measuring  the  consistency  of  asphalts.  However,  in 
the  investigation  of  these  materials,  float  test  determi- 
nations were  made  at  50°,  60°,  70°,  80°,  and  90°  C. 
The  values  obtained  at  80°  C.  were  used  in  the  report 
of  Lewis  and  Welborn  4  for  the  calculation  of  the  float- 


*  The  Physical  and  Chemical  Properties  of  Petroleum  Asphalts  of  the  50-60  and 
85-100  Penetration  Grades.  Annual  Meeting  of  Association  of  A3pha!t  Paving 
Technologists,  Chicago,  111.,  Jan.  1940.  PUBLIC  ROADS,  March  1940,  vol.  21, 
No.  1. 


test  index.  The  kinematic  viscosity  determinations 
made  on  the  selected  50-60  and  85-100  penetration 
grade  asphalts,  shown  in  table  7,  were  in  most  cases 
made  at  65°,  75°,  and  85°  C,  but  the  values  at  the 
temperature  used  for  the  float-test  determinations  were 
interpolated  from  the  curves.  These  values  for  the 
float-test  and  the  kinematic  viscosity  at  the  same  tem- 
perature are  shown  in  table  13.  The  data  in  this  table 
have  been  plotted  in  figure  6  to  logarithmic  scales. 
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In  this  figure  the  best  straight  line  has  been  drawn 
through  the  points  for  each  temperature.  Some  of  the 
points  deviate  widely  from  this  line,  but  this  is  to  be 
expected  since  the  materials  tested  differed  widely  in 
source  and  inherent  characteristics  such  as  specific 
heat  and  surface  tension.  However,  in  general  a  good 
relationship  is  indicated. 

The  curve  for  each  test  temperature  has  a  different 
slope.  This  slope  increases  for  decreasing  temperature, 
the  increase  becoming  progressively  greater  for  each 
decrement  of  temperature.  It  will  be  noted  also  that 
the  tests  run  at  the  higher  temperatures,  especially 
70°  and  80°  C,  show  less  deviation  from  the  straight 
line  than  those  run  at  50°  and  60°  C. 

While  this  general  relationship  between  the  float  test 
and  kinematic  viscosity  was  found,  no  definite  conver- 
sion factor  can  be  determined  that  would  be  applicable 
to  all  types  of  asphalt  cements.  Rhodes,  Volkmann, 
and  Barker  3  report  this  same  condition  for  the  float 
test  determination  on  road  tars,  even  though  their 
work  was  done  on  coal  tar  residues  which  were  perhaps 
from  the  same  or  similar  sources  and  similar  types  of 
manufacture. 

SUMMARY 

The  determination  of  the  viscosity  of  all  grades  of 
bituminous  materials  over  a  wide  range  of  temperature 
in  absolute  units  is  desirable  since  it  gives  a  definite 
basis  for  comparison  of  the  consistency  of  all  types  by 
a  common  measure.  However,  it  is  recognized  that 
one  instrument  will  not  give  results  over  the  complete 
range  but  measurements  by  two  or  three  instruments 
are  necessary.  These  tests  have  shown  that  a  capillary 
type  instrument,  such  as  the  one  used  in  this  investiga- 
tion, will  give  results  from  a  minimum  of  approximately 
fOO  centistokes  to  a  maximum  of  approximately 
(3,000,000  centistokes.  Thus  it  would  be  valuable  as 
a  unit  in  any  combination  of  instruments  necessary  to 
cover  the  entire  range  of  consistency  of  bituminous  road 
materials. 

The  limitations  of  the  instrument  permit  viscosities 
of  asphalts  of  the  50-00  and  85-100  penetration  grades 
to  be  made  only  over  a  temperature  range  of  approxi- 
mately 45°  to  90°  C.  This  range  does  not  permit  a 
study  of  the  consistency  of  these  asphalts  at  most  of 
the  temperatures  that  are  of  interest  to  users  of  these 
types  of  asphaltic  materials.  In  actual  service  the 
asphalts  are  at  temperatures  from  below  0°  C.  to  about 


3  Consistency  Measurements  in  the  Coal  Tar  Industry,  by  Rhodes,  Volkmann,  and 
Barker.    Symposium  on  Consistency,  A.  S.  T.  M.,  June  1937. 


60°  C,  and  they  are  heated  to  approximately  185°  to 
180°  C.  for  use  in  hot  mixed  pavements  or  for  applica- 
tion in  the  construction  of  penetration  macadam.  It  is 
not  possible  to  measure  the  viscosity  of  these  asphalts 
at  atmospheric  temperatures  with  this  instrument, 
although  the  use  of  a  larger  capillary  might  permit  the 
determinations  to  be  made  at  lower  temperatures  than 
used  in  this  study. 

By  the  use  of  additional  heating  coils  and  a  clear  oil 
hath  which  would  not  flash  at  the  higher  temperature, 
it  might  also  be  possible  to  extend  the  range  of  the  in- 
strument to  include  viscosity  measurements  at  the 
mixing  or  application  temperatures;  but,  even  with 
these  modifications,  the  instrument  is  not  readily 
adapted  to  cover  the  consistency  measurements  of  the 
semisolid  asphalts  of  the  grades  studied  at  those  tem- 
peratures for  which  such  measurements  would  be  of 
practical  significance. 

For  the  liquid  asphaltic  materials,  the  instrument  can 
be  satisfactorily  employed  to  measure  the  consistency  of 
all  grades  at  35°  C,  the  temperature  suggested  for 
evaluating  the  relative  consistency  of  the  various  grades 
of  road  tars.  The  adoption  of  a  standard  method  for 
the  determination  of  the  absolute  viscosity  of  all  grades 
of  both  the  liquid  asphaltic  road  materials  and  road 
tars  at  a  test  temperature,  such  as  35°  C,  close  to  that 
of  normal  atmospheric  temperature  should  prove  of 
great  value  in  that  it  would  give  a  definite  knowledge 
of  the  consistency  of  these  materials  at  the  time  of 
application  and  before  any  appreciable  loss  of  volatile 
material  occurred. 

The  results  obtained  with  this  instrument  may  be 
expected  to  check  within  ±2  percent  or  better  for  these 
penetration  grades  of  asphalt  at  the  test  temperatures 
used,  and  this  accuracy  compares  favorably  with  that 
usually  obtained  in  ordinary  testing  of  bituminous 
materials.  The  instrument  gives  much  closer  checks 
with  liquid  asphalts  of  lower  viscosities  at  atmospheric 
temperatures. 

No  satisfactory  factor  for  converting  the  values  for 
float  test  at  various  temperatures  to  kinematic  viscosity 
can  be  determined  that  would  be  applicable  to  all 
asphalts. 

The  data  obtained  with  the  instrument  can  be  plottea 
in  a  straight  line  by  plotting  the  double  logarithm  of  the 
viscosity  in  centistokes  against  the  logarithm  of  the 
absolute  temperature,  and  the  slope  of  this  line  gives  a 
factor  for  the  viscosity-temperature  susceptibility  over 
the  range  of  temperature  at  which  test  results  can  be 
obtained. 


( Continued  from  p.  126) 

IMPORTANCE  OF  DETERMINING  FLEXURAL  STRENGTH  OF 
PAVEMENT  CONCRETE  EMPHASIZED 

Figure  5  shows  the  strength  data  given  in  figure  4 
plotted  against  the  water-cement  ratio  instead  of  the 
cement  factor.  Here  again  the  quality  of  the  coarse 
aggregate  is  reflected  in  the  results  obtained.  Note, 
for  instance,  that  a  water-cement  ratio  of  0.60  was 
required  to  develop  a  modulus  of  rupture  of  550  pounds 
per  square  inch  with  combination  1-10,  whereas  this 
strength  was  obtained  with  a  water-cement  ratio  of 
0.95  in  combination  1-1. 

Attention  is  directed  to  the  fact  that  the  curves  for 
combinations  1-1  and  1-10  are  straight  lines.  However, 
this  was  not  the  case  for  all  combinations  of  materials 
investigated,  many  combinations  giving  curves  which 


had  the  characteristic  shape  of  the  typical  wuter- 
cement  ratio — compressive  strength  curve.  In  fact  the 
average  curve  shown  is  of  this  general  shape. 

The  data  shown  in  figures  2  aiid  3  might  have  Dccii 
plotted  with  the  principal  relation  between  water- 
cement  ratio  and  strength  as  in  figure  5,  with  additional 
curves  to  give  the  other  desired  information.  The 
arrangement  of  data  is  of  course  a  matter  to  be  decided 
by  circumstances. 

Complete  compressive  strength  data  are  not  available 
for  this  series  of  tests  because  of  the  fact  that  companion 
compressive  strength  specimens  were  not  made.  How- 
ever, limited  data  were  obtained  for  the  three  leanest 
mixes  (4.4,  5.2,  and  6.0  sacks  of  cement  per  cubic  yard) 
as  the  result  of  tests  on  modified  cubes  remaining  from 
the  flexure  tests.  These  data  showed  that  for  combina- 
tion   1-1    the   compressive   strengths   were   9   percent 
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greater  than  those  for  combination  1-10  as  compared 
with  the  corresponding  average  flexural  strength  differ- 
ential of  32  percent. 


Of  the  group  in  which  sand  No.  2  was  combined  with 
eight  different  coarse  aggregates,  combination  2-13 
gave  just  about  as  high  compressive  strength  as  any 
combination  in  the  group.  However,  it  was  found  that, 
at  a  cement  factor  of  b'  sacks  per  cubic  yard,  the  flexural 
strength  of  combination  2-13  was  the  lowest  of  all, 
other  combinations  in  the  group  giving  strengths  up 
to  17  percent  higher  than  combination  2-13  (table  4). 
Many  other  examples  could  be  given  to  show  that  two 
concretes  having  the  same  compressive  strength  do  not 
necessarily  have  the  same  flexural  strength,  emphasizing 
the  importance  of  determining  the  flexural  strength 
characteristics  of  the  constituent  materials  used  in 
pavement  concrete. 

It  is  believed  that  the  data  presented  are  sufficient 
to  indicate  that,  when  pavement  concrete  is  to  be  made 
of  a  variety  of  combinations  of  aggregates  and  a  reason- 
ably uniform  minimum  flexural  strength  is  desired, 
investigations  of  the  materials  should  be  made  along  the 
lines  indicated  in  this  report  in  order  to  predetermine 
the  flexural  strengths  to  be  expected.  Compressive 
strength  tests  on  concrete  made  with  the  materials  to  be 
used  are  inadequate,  as  the  ratio  of  flexural  to  compres- 
sive strength  varies  over  wide  limits  for  different  com- 
binations of  materials. 


INDEX  TO  PUBLIC  ROADS,  VOLUME  20,  NOW 
AVAILABLE 

The  index  to  PUBLIC  ROADS,  volume  20,  is  now 
available.  A  chronological  list  of  articles  and  a  list 
of  authors  are  included  with  the  index.  The  index 
will  be  sent  free  to  subscribers  to  PUBLIC  ROADS 
requesting  it.  Requests  should  be  addressed  to  the 
Public  Roads  Administration,  Federal  Works  Agency, 
Washington,  D.  C. 

Indexes  to  volumes  6  to  8  and  10  to  19,  inclusive, 
are  also  available  and  will  be  sent  to  PUBLIC  ROADS 
subscribers  upon  request.  Indexes  to  volumes  1  to  5, 
inclusive,  have  never  been  prepared.  The  supply  of 
the  index  to  volume  9  is  exhausted. 


REORGANIZATION  WITHIN  DEPARTMENT  OF 
COMMERCE 

Effective  August  14,  1940,  the  name  of  the  Auto- 
motive-Aeronautics Trade  Division  of  the  Bureau  of 
Foreign  and  Domestic  Commerce,  Department  of 
Commerce,  has  been  changed  to  Motive  Products 
Division.  The  Railway  Equipment  Section,  formerly 
a  part  of  the  Transportation  Division,  has  been  trans- 
ferred to  the  Motive  Products  Division. 
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STATE  OF  IMPROVEMENT  OF  RURAL 
ROADS  IN  RELATION  TO  TRAFFIC  AND 

DWELLINGS  SERVED 

BY  THE  DIVISION  OF  HIGHWAY  TRANSPORT,  PUBLIC  ROADS  ADMINISTRATION 

Reported  by  JOHN  T.  LYNCH,  Highway  Engineer-Economist  and  THOMAS  B.  DIMMICK,  Associate  Highway  Engineer-Economist 


AN  IMPORTANT  PART  of  the  State-wide  highway 
planning  surveys  has  been  the  determination  of 
the  state  of  improvement  of  rural  roads  in  rela- 
tion to  the  volume  of  travel  and  to  the  location  of  rural 
dwellings.  Such  a  determination  is  basic  in  any 
appraisal  of  highway  service  in  relation  to  needs,  and 
in  the  setting  up  of  long-range  construction  programs 
and  the  making  of  financial  provisions  for  them. 

The  summarization  of  the  data  has  not  yet  been 
completed  in  all  States,  but  the  work  is  sufficiently  far 
advanced  to  permit  the  release  of  preliminary  figures 
that  give  a  reasonably  accurate  national  picture  of  our 
highway  facilities,  showing  the  extent  to  which  traffic 
and  rural  dwellings  are  served  by  roads  having  surfaces 
of  different  types.  A  complete  appraisal  of  the  ade- 
quacy of  highways  for  traffic  needs  would  necessarily 
take  into  consideration  surface  width,  alinement, 
grades,  and  sight  distances,  as  well  as  surface  type. 
The  clearances,  strength,  and  condition  of  bridges,  and 
the  hazards  and  delays  at  railroad  grade  crossings, 
should  also  be  considered.  Information  concerning 
all  of  these  factors  has  been  obtained  in  the  highway 
planning  surveys,  but  is  not  yet  ready  for  presentation 
on  a  national  basis.  This  article  deals  only  with  the 
service  rendered  by  roads  of  different  surface  types  in 
those  States  for  which  the  information  is  now  available. 

Road  construction  practices  vary  in  different  sections 
of  the  country  because  of  differences  in  climatic  condi- 
tions, subsoil  conditions,  and  character  of  available 
local  materials  as  well  as  differences  in  wealth  and  in 
public  policy  as  carried  out  by  the  State  and  local 
highway  organizations.  There  are,  then,  no  standards 
of  adecpiacy  that  are  generally  applicable  througbout 
the  country.  In  one  section,  climatic  conditions  may 
be  such  that  unsurfaced  roads  will  satisfactorily  serve 
much  higher  volumes  of  traffic  than  in  another  section. 
Subsoil  conditions  in  one  locality  may  require  a  higher 
type  of  surface  for  traffic  of  a  given  volume  and  weight 
composition  than  that  required  in  another  locality. 
Differences  in  available  funds  and  mileages  of  roads 
needing  improvement  have  caused  States  to  adopt 
different  standards  of  improvement  for  roads  of  equal 
traffic  importance.  These  facts  should  be  borne  in 
mind  in  appraising  the  relative  degrees  of  surface  im- 
provement shown  by  the  tabulations  in  this  article. 

ROADS  CLASSIFIED  INTO  FIVE  GROUPS  ACCORDING  TO 
SURFACE  TYPE 

Because  of  differences  in  construction  practices  and 
in  current  terminology,  considerable  difficulty  was  ex- 
perienced in  classifying  surface  types  on  a  comparable 
basis  in  all  States.  Although  every  effort  was  made  to 
attain  uniformity,  minor  differences  in  classification 
undoubtedly  exist.  In  preliminary  tabulations  12 
classifications  were  used  but  these  are  combined  into 
five  groups  in  the  accompanying  tables.  These  five 
general  surface  type  groups  are  defined  in  commonly 
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used  terms,  without  attempting  to  make  precise  dis- 
tinctions. The  terms  used  to  describe  the  individual 
types  composing  each  group  are  not,  in  all  cases 
mutually  exclusive,  as  two  or  more  types  may  be 
nearly  identical.  The  distinctions  between  the  general 
surface  type  groups,  however,  are  reasonably  definite 
in  all  cases. 

1.  Pavement  includes  concrete,  brick,  stone  block, 
wood  block,  asphalt  block,  sheet  asphalt,  rock  asphalt, 
bituminous  concrete,  and  bituminous  penetration. 

2.  Other  dustless  surface  includes  plant  mix  without 
precise  control,  road  mix  or  mixed-in-place,  and  bitu- 
minous surface  treated  gravel  or  stone. 

3.  Nondustless  surface  includes  plain  macadam, 
gravel,  traffic-bound  crushed  stone,  slag,  chert,  caliche, 
iron  ore,  chats,  sand-clay,  and  topsoil. 

4.  Graded  and  drained  includes  roads  of  natural  earth, 
alined  and  graded  to  permit  reasonably  convenient  use 
by  motor  vehicles,  with  drainage  systems  sufficient  to 
prevent  serious  impairment  of  the  road  by  surface  water. 

5.  Unimproved  includes  primitive  roads  and  trails 
usable  by  four-wheel  vehicles  and  also  earth  roads  on 
which  some  blading  may  have  been  done  but  which  do 
not  conform  in  respect  to  alinement,  grade,  and  drain- 
age to  the  requirement  for  a  graded  and  drained  road. 

Roads  with  surfaces  falling  in  the  first  three  groups  are 
called  surfaced  roads;  roads  falling  in  the  last  two  groups 
are  called  unsurfaced  roads. 

The  initial  road  inventory  and  traffic  surveys  were 
started  in  a  few  States  as  early  as  the  fall  of  1935  and 
completed  toward  the  end  of  1936.  The  work  was 
started  later  in  most  States  and,  in  a  few,  only  very 
recently.  The  effective  dates  of  figures  in  the  accom- 
panying tables  vary  from  1936  to  1939  and  the  period 
covered  by  the  traffic  survey  does  not,  in  all  cases, 
coincide  with  that  covered  by  the  road  inventory. 
Under  the  continuing  survey  an  effort  is  being  made  to 
keep  traffic  and  road  inventory  information  current  so 
that  it  should  soon  be  possible  to  present  up-to-date 
tabulations  of  both  road  inventory  and  traffic  data,  fin 
a  specific  year. 

In  interpreting  the  figures  given  in  the  tables  and 
text  of  this  report,  it  should  be  borne  in  mind  that  there 
are  some  differences  in  effective  dates  and  that  the  data 
apply  to  different  periods  from  1936  to  1939.  There 
have  undoubtedly  been  changes  since  the  effective  dates 
of  the  data,  because  of  the  normal  construction  pro- 
grams of  Federal,  State,  and  local  agencies,  and  the 
surfacing  of  considerable  mileages  with  the  assistance  of 
the  Work  Projects  Administration  in  a  number  of 
States.  On  the  whole,  however,  it  is  believed  that 
changes  have  not  been  sufficiently  large,  relatively,  to 
invalidate  the  general  picture  presented. 

The  total  mileage  of  rural  roads  in  the  United  States  is 
estimated  to  be  approximately  2.960,000  miles.  Of  this, 
approximately  1,200,000  miles,  or  about  40  percent, 
have  surfaces  permitting  travel  in  all  seasons  of  the 
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year.  Complete  information  on  road  mileage  and  sur- 
face type  as  of  various  dates  from  August  1936  to 
December  1939  is  available  for  34  States.  The  total 
road  mileage  reported  by  these  States  was  2,219,723 
miles,  of  which  840,129  miles,  or  37.8  percent,  were 
surfaced.  Table  1  shows  the  mileage  of  each  general 
surface  type  and  the  percentage  of  the  total  mileage 
for  each  of  the  34  States. 

The  percentage  of  the  total  mileage  that  was  sur- 
faced ranged  from  85.4  percent  in  Ohio,  to  13.5  per- 
cent in  Nevada.  It  will  be  noted  that  most  of  the 
surfaced  mileage  in  Ohio  consisted  of  gravel  and  other 
nondustless  types,  only  25.1  percent  of  the  total  mileage 
in  this  State  having  dustless  surfaces.  In  New  Jersey, 
on  the  other  hand,  in  which  62.7  percent  of  the  total 
mileage  was  surfaced,  49.4  percent  had  dustless  surfaces. 
Nine  States  had  less  than  20  percent  of  their  total  road 
mileages  surfaced.  Figure  1  shows  the  percentage  of 
the  total  mileage  surfaced,  the  percentage  with  a  dust- 
less surface,  and  the  percentage  paved,  for  each  of  the 
34  States,  arranged  in  descending  order  of  the  per- 
centage surfaced. 

TRAFFIC  ON  PAVED  ROADS  12  TIMES  THE  AVERAGE  FOR  ALL  ROADS 

Naturally,  travel  is  generally  heavier  on  roads  having 
high  type  surfaces  than  it  is  on  low  type  surfaces  or  on 
unsurfaced  roads.  In  the  first  place,  high  traffic 
volume,  actual  or  potential,  was  generally  the  cause  of 
the  construction  of  the  higher  type  surfaces.  In  addi- 
tion, traffic  tends  to  gravitate  to  the  more  highly  im- 
proved roads. 

Combined  traffic  and  road  inventory  information  is 
available  for  24  States.     In  these  States  the  average 


daily  traffic  was  1,232  vehicles  for  pavements,  413 
vehicles  for  other  dustless  surfaces,  77  vehicles  for  non- 
dustless surfaces,  22  vehicles  for  graded  and  drained 
roads,  and  13  vehicles  for  unimproved  roads.  The 
average  for  all  types  of  road  was  104  vehicles.  Table 
2  shows  average  daily  traffic  on  each  general  surface 

Table  2. — Average  daily  traffic  on  rural  roads  of  each  general  sur- 
face type  in  each  of  24  States 


State 


Arizona 

California 

Colorado 

Florida 

Idaho 

Indiana 

Iowa 

Kansas 

Louisiana 

Maryland 

Michigan 

Missouri 

Montana 

Nevada 

North  Dakota 

Ohio 

Oklahoma 

Oregon .. 

South  Dakota 
Texas 

Utah 

Vermont 

West  Virginia. 
Wyoming 

Average 


Pave- 
ment 


946 
1,485 
2,090 

988 
1,896 

1,370 

1,014 

1,239 

836 

1,  285 

1,525 
1,303 
505 
1,535 
1,641 

1,146 
1,356 
1,084 
1,065 
1,199 

1,418 
916 
992 
742 


1,232 


Other 
dustless 
surface 


522 
266 
575 
353 
551 

370 
386 
590 
789 
565 

324 
377 
293 
233 
484 

332 

638 
398 
517 
641 

416 
535 

485 
357 


Non- 
dustless 
surface 


60 
49 
38 
67 

64 
153 
60 
78 
95 

57 
68 
105 


Graded 

and 
drained 


Unim- 
proved 


All 
roads 


Table  1. — Mileage  of  rural  roads  of  each  general  surface  type  and  percentage  of  total  mileage  of  rural  roads  in  each  of  34  States 


State 


Arizona.... 
Arkansas.. 
California. 
Colorado.. 
Florida 


Idaho..., 
Illinois.. 
Indiana. 

Iowa 

Kansas. 


Kentucky. 
Louisiana. 
Maryland. 
Michigan. . 
Missouri... 


Montana... 

Nebraska 

Nevada 

New  Hampshire 
New  Jersey 


North  Carolina. 
North  Dakota.. 

Ohio 

Oklahoma 

Oregon 


Date  of  in- 
ventory 


South  Carolina. 
South  Dakota.. 

Texas.. 

Utah 

Vermont 


Washington. . . 
West  Virginia. 

Wisconsin 

Wyoming 


Total. 


Dec.  1937 
Jan.  1937 
Dec.  1937 
Aug.  1939 
Dec.  1936 

Dec.  1936 
Jan.  1937 
Jan.  1937 
Dec.  1937 
Dec.  1936 

July  1938 

Dec.  1937 

Jan.  1938 

Dec.  1936 

Dec.  1938 

July  1937 

Dec.  1936 

Dec.  1937 

Dec.  1937 

July  1939 

June  1938 
Jan.  1938 
Jan.  1937 
Jan.  1937 
Sept.  1936 

Dec.  1938. 
Jan.  1937 
Sept.  1937 
Jan.  1937 
Dec.  1938 

Dec.   1939 

Jan.  1937 
Dec.  1936 
Dec,  1937 


Pavement 


Miles 
564.  5 

1,595.4 

10,114.7 

493.4 

1, 835.  7 

171  9 
11,390.9 
5,452.4 

4,  843.  5 

1,  809.  8 

1,910.2 

3,  405.  4 

2,  447.  1 

5,  464.  5 

3,  998.  0 

1,  466.  4 
1,034.2 

51.5 
413.6 

4,  852.  0 

4, 975.  0 

24.5 

8,  059.  9 

2,  69P.  3 
1.799.7 

2,  326.  2 
228.7 

6,  579. 8 
364.9 
895.  2 

1, 972.  7 

2,  437.  4 

4,  927.  4 

14.8 


100,  617.  6 


Per- 
cent 
2.0 
2.9 

10.2 

.7 

6.4 

.5 

11.1 

7.1 

4.8 

1.4 

3.4 
8.8 
15.3 
5.9 
3.4 

2.  2 
LO 

.2 
3.4 

2''.   2 


(s) 
9.8 
2.7 
3.9 

5.4 
.2 
3.5 

1.7 
6.6 

4.0 

7.5 

6.0 

.1 


Other  dustless 
surface 


4.5 


Miles 
2, 174.  4 
624.0 
22, 183. 8 
3.218.6 
7,  599.  5 

1,  940.  2 
678.8 

6,  390.  8 

558.9 

3,341.7 

5,  758. 0 
29.9 
3,  227.  7 
4,342.9 
3,117.5 

2,  965.  7 
861.7 

2,  338.  6 

3,  404.  7 

4,  292.  2 

4,419.0 

689.1 

12,653.4 

1.369.4 

2,  907.  9 

3,  854. 0 
895.2 

12,  485.  9 

1,481.6 

438.0 

2,  997.  2 
2,  053.  8 

5,  751.  6 
2,  826.  1 


133,871.8 


Per- 
cent 
7.9 
1.2 
22.3 
4.3 
26.3 

5.8 
.7 

8.3 
.5 

2.6 

10.2 
.1 

20.2 
4.7 
2.7 

4.5 
.9 
10.0 
28.0 
23.2 

7.6 

.6 

15.3 

1.3 

6.2 

9.0 
.9 
6.7 
6.9 
3.3 

6.2 
6.3 
7.0 
11.4 


Nondustless 
surface 


Miles 
2,317.8 
12,  528.  6 
2  20. 333. 0 
9,  307.  9 
2,435.9 

7,  792. 1 
47,  899.  5 
49.  872.  6 
35,  077.  3 
24,  756.  3 

18,  741.  6 
13, 198.  0 
3,  243.  7 
48,991.9 
29,  406. 1 

6,  248.  7 
16,  333.  8 
761.2 
3. 943. 0 
2,  475.  3 

20,  759. 2 
16,  702.  2 
49,  700.  6 
11,161.8 
14, 599. 3 

6,  830. 3 
18,629.1 
25, 170.  8 

5,  357.  6 

5,  659.  9 

20,  034.  7 

6,  134.  2 
48,  035. 8 

1,  200.  1 


6.0 


Per- 
cent 
8.4 
23.1 

20.4 
12.3 
8.4 

23.2 
46.6 
65.1 
33.8 
19.3 

34.0 
34.1 
20.3 

53.  1 
25.2 

9.5 
16.  3 

3.3 
32.5 
13.3 

35  9 

15.2 
60.3 
11.0 
31.2 

16.0 
18.4 
13.6 
24.9 
42.0 

41.2 

18.8 
58.4 
4.8 


Total  surfaced 


605,  639.  9      27.  3 


Miles 
5, 056.  7 
14,748.0 
52,631.5 
13,019.9 
11,871.1 

9,  904.  2 
59,  969.  2 
61,715.8 
40.  479.  7 
29,  907.  8 

26,  409.  8 
16,  633.  3 
8,918.5 
58,  799.  3 
36,  521.  6 

10,  680.  8 

18,  229.  7 
3,151.3 
7,761.3 

11,619.5 

30, 153.  2 
17,415.8 
70,413.9 
15,  227.  5 

19,  306. 9 

13,010.5 
19,753.0 
44,236.5 
7,  204.  1 
6,  993. 1 

25,  004.  6 

10,  625.  4 
58,  714. 8 

4,041.0 


840, 129.  3 


Per- 
cent 
18.3 
27.2 
52.9 
17.3 
41.1 

29.5 
58.4 
80.5 
39.1 
23.3 

47.6 
43.0 
55.8 
63.7 
31.3 

16.2 
18.2 
13.5 
63.9 
62.7 

52.1 

15.8 
85.4 
15.0 
41.3 

30.4 
19.5 
23.8 
33.5 
51.9 

51.4 
32.6 
71.4 
16.3 


37.  S 


Graded  and 
drained 


Miles 

4,  218.  8 
11,648.9 

3, 810.  4 

6,  658.  2 
13,828.6 

4, 484. 1 
37,  747.  5 

5,  690.  4 
40,  794.  9 

2,  004.  6 

4.  033. 3 
15,701.0 

4,  684.  4 
21,  837.  3 
60,  456. 3 

3, 389. 9 

9,315.3 

865.0 

2,  725.  2 
342.2 

23,  490.  9 
19,  261.  5 

7,  012.  7 
65,  64S.  5 
15,118.7 

11,089.2 
40,  920.  3 
16,  05S.  7 

3,  640.  6 
4,384.0 

13.  258.  7 

6,  393. 0 
19,  624. 7 

1, 185.  4 


501,  323.  2 


Per- 
cent 
15.3 
21.5 
3.8 
8.8 
47.8 

13.4 
36.8 

7.4 
40.4 

1.6 


40.5 
29.3 
23.8 
51.8 

5.2 
9.3 
3.7 
22.4 
1.9 

40.6 
17.5 
8.5 
64.7 
32.3 

?5.9 
40.5 
8.6 
17.0 
32.6 

27.3 
19.6 
23.9 
4.8 


22.6 


Total  improved 


Miles 
9,  275.  5 

26,  396.  9 
56,441.9 
19, 678. 1 
25,  699.  7 

14,  388.  3 
97,716.7 
67,  406.  2 
81,274.6 
31,912.4 

30,  443. 1 
32,  334.  3 
13,  602.  9 
SO,  636.  6 
96, 977. 9 

14,070.7 

27,  545. 0 
1.  016.  3 

10,486.5 
11,961.7 

53,  644. 1 
36,  677.  3 
77,426.6 
80,  876. 0 
34,425.6 

24.  099.  7 
60,  673.  3 
60,  295.  2 
10,  844. 7 
11,377.1 

38,  263.  3 
17,018.4 
78,  339.  5 
5,  226.  4 


1,341,452.5 


Per- 
cent 
33.6 
48.7 
56.7 
26.1 


42.9 
95.2 
87.9 
79.5 
24.9 

54.8 
83.5 
85.1 
87.5 
83.1 

21.4 
27.5 
17.2 
86.3 
64.6 

92.7 
33.3 
93.9 
79.7 
73.6 

56.3 
60.0 
32.4 
50.5 
84.5 

78.7 
52.2 
95.3 
21.1 


Unimproved  ' 


Miles 

18,271.7 

.'Tsv.i  r, 

3  43,118.6 

55,  576.  7 

3,  212. 1 

19, 152.  2 

4,  966.  9 
9,  283.  9 

'-  20,  624.  3 
96,  285.  4 

25,  837.  S 
6,  387.  2 
2,  380.  2 
11.509.5 
19,  716.  0 

51,659.4 

72,  770  0 

19,  257.  6 
1.656.4 
6,  542.  1 

4, 162.  7 

73,  376.  2 
5, 022.  4 

20,  529.  3 
12,340.8 

18,  676.  1 

40,471.8 

125.  565.  5 

10,  633.  0 

2,  092.  9 

10,  377.  9 
15,571.7 
3, 853. 9 
19, 498. 4 


878,  270.  2 


Per- 
cent 
66.4 
51.3 
43.3 
73.9 
11.1 

57.1 
4.8 
12.1 
20.5 
75.1 

45.2 

16.5 
14.9 
12.5 
16.9 

78.6 
72.  5 
vj  s 
13.7 
35.4 

7.3 
66.7 

6.1 
20.3 
26.4 

43.7 

40.0 
67.  6 
49.5 
15.5 

21.3 

47.8 
4.7 
78.9 


39.  6 


Total 


Miles 
27  547.2 
51,286.5 
99,  560.  5 

75,  254.  8 
28,911.8 

33,  540.  5 
102,683.6 

76.  690.  1 
101,898.9 
128, 197. 8 

56,  280.  9 
38.  721.  5 
15,  983. 1 
92, 146.  1 

116,693.9 

65,  730. 1 
100,315.0 

23,  273.  9 
12,142.9 
18,  503. 8 

57,  806.  8 
110.053.5 

82,  449.  0 
101,  405.  3 
46,  766.  4 

42,  775.  8 
101, 145.  1 
185,  860.  7 
21,477.7 
13,470.0 

48,641.2 
32,  590.  1 
82, 193.  4 

24,  724.  8 


» 2,219,722.7 


i  Includes  trails. 

2  Includes  6,727.7  miles  of  oiled  earth. 

3  Includes  22.4  miles,  surface  type  unreported. 

<  Includes  274.1  miles,  surface  type  unreported. 

5  Less  than  0.05  percent. 

«States  not  listed  estimate  their  total  mileage  at  739,154  miles,  giving  total  for  the  country  as  2,958,877  miles  of  rural  highway. 
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■     PAVEMENT  E£3    OTHER  OUSTLESS   SURFACE 

g-3    NON-OUSTLESS   SURFACE  □     UNSURFACED 
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percentage  of  total  mileage  in  each  state 

Figure  1. — Percentage  of  Total  Rural  Road  Mileage 
in  Each  of  34  States  With  Surfaces  of  Each  General 
Type. 

type  for  each  of  the  24  States.  Maryland  had  an 
average  daily  traffic  on  all  roads  of  338  vehicles,  the 
highest  of  any  of  the  States  listed;  while  North  Dakota 
had  an  average  dafly  traffic  on  all  roads  of  but  17 
vehicles,  the  lowest  of  any  of  the  States  listed.  In  all 
of  the  States  the  average  daily  traffic  was  successively 
higher  for  each  successively  higher  type  surface. 

Though  the  average  dady  traffic  on  paved  roads  is 
much  greater  than  that  on  roads  with  lower  type  sur- 
faces and  on  unsufraced  roads,  it  does  not  follow  that  all 
of  the  paved  mileage  is  more  heavily  traveled  than  any 
of  the  unpaved  mileage.  Table  3  shows  the  mileage 
and  percentage  of  each  general  surface  type  in  different 
average  daily  traffic  volume  groups  in  23  of  the  24 
States  listed  in  table  2.  Data  for  Indiana  are  not 
included  in  table  3  because  tabulations  showing  mile- 
ages of  each  surface  type  in  traffic  volume  groups  in 
that  State  were  not  available. 

Table  3  shows  that,  in  the  23  States,  almost  5,000 
miles  of  paved  roads  carry  less  than  100  vehicles  per 
day  while  more  than  10,000  miles  of  unimproved  roads 
and  nearly  12,000  miles  of  graded  and  drained  roads 
carry  higher  volumes  of  traffic.  This  may  reflect  on 
the  judgment  exercised,  in  some  cases,  in  selecting  roads 
for  improvement,  or  may  indicate  that  considerations 
other  than  traffic  importance  influenced  the  selection. 
There  are  valid  reasons,  however,  why  such  conditions 
should  exist  with  respect  to  a  portion  of  the  mileage. 
Some  of  the  paved  mileage  was  lightly  traveled  during 
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Figure  2. — Percentage  of  Rural  Road  Mileage  Compared 
to  Percentage  of  Vechicle-  Miles  of  Travel  for  Each 
General  Surface  Type  in  24  States. 
States  Included  Are:  Arizona,  California,  Colorado, 
Florida,  Idaho,  Indiana,  Iowa,  Kansas,  Louisiana, 
Maryland,  Michigan,  Missouri,  Montana,  Nevada, 
North  Dakota,  Ohio,  Oklahoma,  Oregon,  South  Dakota, 
Texas,    Utah,   Vermont,    West   Virginia,   and   Wyoming. 

the  period  of  the  survey  because  of  construction  work 
on  other  parts  of  the  road,  temporarily  diverting  to 
other  roads  part  of  the  normal  traffic.  Likewise,  some 
of  the  paved  sections  connected  with  sections  that  are 
not  yet  improved  and  large  traffic  increases  may  be 
expected  when  the  road  is  completely  improved  from 
one  population  center  to  another.  On  the  other  hand, 
some  of  the  heavily  traveled  graded  and  drained  mileage 
may  have  been  temporarily  in  that  status,  during  the 
course  of  stage  construction.  The  true  extent  of  over- 
development or  underdevelopment  of  highway  facilities 
cannot  be  determined  from  summary  tables  of  this 
kind,  but  can  be  determined  only  by  a  study  of  each 
individual  road  section,  taking  into  consideration  all 
of  the  pertinent  circumstances.  Such  an  approach  is 
being  used  in  a  number  of  States  in  setting  up  programs 
for  future  improvement  and  in  determining  priorities 
for  improvement. 

PAVED    ROADS    CARRIED    NEARLY    HALF    OF    THE    TOTAL    TRAVEL 
ON  ALL  ROADS 

In  the  24  States  listed  in  table  2,  the  average  daily 
travel  on  all  rural  roads  amounted  to  about  169,523,000 
vehicle-miles.  This  is  equivalent  to  1,695,230  vehicles 
traveling  an  average  of  100  miles  each  per  day,  or  to 
6,780,920  vehicles  traveling  an  average  of  25  miles 
each  per  day.  About  152,309,000  vehicle-miles,  or 
90  percent  of  the  total  travel,  was  on  surfaced  roads, 
and  only  about  17,214,000  vehicle-miles  on  unsurfaced 
roads.  The  vehicle-mileages  reported  for  each  general 
surface  type  by  the  24  States  were  as  follows: 

Vehicle-miles 

Pavement 80,  262,  267 

Other  dustless  surface 40,  791,  208 

Nondustless  surface 31,  255,  837 

Graded  and  drained 8,  258,  911 

Unimproved 8,  955,  018 

Total 169,523,241 

Table  4  shows  for  each  of  the  24  States,  the  percentage 
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distribution  of  the  total  vehicle-mileage  of  travel  by 
surface  types  in  comparison  with  the  percentage  dis- 
tribution of  the  total  road  mileage  by  surface  types. 
It  shows  that  paved  roads,  constituting  only  4.0  percent 
of  the  total  rural  road  mileage  in  these  States,  carried 


47.3  percent  of  the  total  vehicles-mileage  of  travel. 
Surfaced  roads  of  all  types,  constituting  34.9  percent 
of  the  total  rural  road  mileage,  carried  89.8  percent  of 
the  total  vehicle-mileage.  Unimproved  roads  con- 
stituted 42.7   percent  of   the   total  road  mileage  but 


Table  3. — Mileage  of  rural  roads  and  percentage  of  total  rural  mileage  of  each  general  surface  type  in  different  average  daily  traffic 

volume  groups  in  23  States  1 


Average  daily  traffic 

Pavement 

Other  dustless 
surface 

Nondustless  surface 

Graded  and  drained 

Unimproved 

Total 

0-24      

Miles 
1,494.4 

2.  189.  6 

1,  285. 1 
3, 135.  3 
3,111.4 

3. 135.  3 

3,  244.  7 
:•;,  410.  5 
3,  434.  1 
3,  493.  0 

3.  092.  7 

2.  682.  2 
5,  980. 0 

4,  474  5 
5.941.8 

5,243.6 
1,862.9 

1,008.7 
664.  0 
282.2 

208.1 
83.3 
41.1 
66.9 
29.0 

30.7 
3.5 
2  3 

Percent 
2.51 
3.67 
2. 16 
5.26 
5.22 

5.26 
-,.  i  1 
5.72 
5.  76 
5.  86 

5.19 
4.  50 
10.  03 

7.  50 
9.  96 

8.79 
3.12 
1.69 
1.11 
.47 

.35 
.  14 
.07 
.  11 
.05 

.05 
.01 

(2) 

Mill  s 
9,  562.  4 
4.  372.  3 
9,451.6 
15,061.4 
12,  25«.  6 

9,  506. 1 
7,  993  0 
6,  009.  4 
4.374.6 
3,  702  0 

2,  572.  1 

1.  726  3 

2.  966.  5 
1,940.8 
1,  730. 5 

928  1 
210.9 
111.3 
24  8 
21.8 

4.9 
1.0 
.3 
3.1 
5.2 

Percent 

10.11 
4.  62 
9.99 
15.93 
12.96 

10.05 
8   15 
6.35 
4.63 
3.92 

2.72 
1.83 
3.14 
2.05 
1.83 

.98 
.25 
.12 
.03 
.02 

.01 

m 

(') 
(2) 
.01 

Miles 

119,650,2 
75,  522.  6 
74.  497.  2 
53,  045.  8 
17,217.5 

7,  783.  4 

3,  604.  6 

1.900.6 

85S.3 

575.4 

334.7 
163.8 
229.7 
127.1 
63.1 

51.2 
17.9 
-1.6 
11.4 

Percent 
33.64 
21.24 
20.  95 
14.92 
4.84 

2.19 
1.01 
.54 
.24 
.16 

.09 
.05 
.06 
.04 
.02 

.01 

(2) 

m 
(2) 

A  till  s 

277,841.9 

48.  730. 1 

22,  526.  4 

8,171.9 

2.012.5 

723.4 
395.8 
235.  5 
109.4 
77.1 

57.7 
39.2 
40.3 
21.1 
34.9 

10.9 
24.7 

Percent 

76.94 

13.  50 

6.24 

2.26 

.56 

.20 
.11 
.07 
.03 
.02 

.02 
.01 
.01 
.01 
.01 

(') 

.01 

Miles 

606, 179.  6 

5],  418. 5 

24. 099.  8 

7,  749.  3 

1.  688.  6 

477.8 
173.5 
119.4 
62.3 
28.3 

30.8 
14.2 
16.0 
8.7 
15.9 

8.2 

Percent 

87.60 

7.43 

3.48 

1.12 

.24 

.07 
.03 
.02 
.01 
(2) 

(2) 
(') 
(2) 
(2) 
(') 

(2) 

Miles 
1,  014.  728.  5 
182,  233.  1 
131,860.1 
87, 163.  7 
36,  288. 6 

21,626.0 
15,411.6 
11,675.4 

\  v*  : 

7,  875.  S 

6, 088. 0 
4,  625.  7 
9,  232.  5 

6,  572.  2 

7,  786.  2 

6,  242.  3 

2,146.4 

1,124.6 

700.2 

304. 0 

213.0 
84.  3 

44.4 
70.0 
31.2 

30.7 
3.5 
2.3 

Percent 
64.92 

25-49                               

11.66 

50-99  

8.44 

100-199 .. 

5.58 

200-299                 .       

2.32 

300-399                        

1.38 

400-499              - 

.99 

500-599                     

.75 

600-699                                  -   

.57 

700-799                                      .   --- 

.50 

800-899             .- 

.39 

900-999              

.30 

1,000-1,249 ...    

.59 

1,250-1,499 

.42 

1,500-1.999.. 

.50 

2,000-2,999 ... 

.40 

3,000-3,999 

.14 

4,000-4,999  ..                       .    

.07 

5,000-5,999  .. 

.04 

6,000-6,999 

.02 

7,000-7.999 

.01 

8.000-8,999 

.01 

9,000  '.(,'J99    .  .   .   

(2) 

10,000-12,499.. . 

(2) 

12,500-11,999 

(J) 

15,000-19,999 

(2) 

20,000-24,999 

(2) 

25,000-29.999  ..   . 

(0 

30.000  and  over .. 

Total 

59.  633. 9 
3.82 

100.  00 

94,  569.  3 
6.05 

100.00 

355,  659. 1 
22.  75 

101 

361, 052.  8 
23.10 

100. 00 

692, 090.  9 
44.28 

100.00 

1,  563, 006.  0 
1C0. 00 

100.00 

Percentage  of  total  mileage 

1  The  States  included  are:  Arizona,  California,  Colorado,  Florida,  Idaho,  Iowa,  Kansas,  Louisiana,  Maryland,  Michigan,  Missouri,  Montana,  Nevada,  Ncrth  Eakcta, 
Ohio,  Oklahoma,  Oregon,  South  Dakota,  Texas,  Utah,  Vermont,  West  Virginia,  and  Wyoming. 
-  Less  than  0.005  percent. 

Table  4. — Mileage  of  rural  roads  of  each  general  surface  type  and  vehicle-miles  of  travel  on  each,  expressed  as  percentages  of  totals  for  all 

types  in  each  of  24  States 


Arizona 

California 

Colorado 

Florida 

Idaho. . 

Indiana 

Iowa 

Kansas 

Louisiana 

Maryland 

Michigan 

Missouri 

Montana 

Nevada 

North  Dakota 

Ohio 

Oklahoma 
Oregon-  __ 
South  Dakota 
Texas 

Utah 

Vermont  

West  Virginia. 
Wyoming 

Average. 


Pavement 

Per- 

Per- 

centage 

centage 

of 

of 

mile- 

vehicle- 

age 

miles 

2.0 

23.  1 

10.2 

63.9 

.7 

23.1 

6.4 

36.2 

.5 

13.9 

7.  1 

59.  3 

4.8 

51.4 

1.4 

27.2 

8.8 

65.  8 

15.3 

58.3 

5.9 

58.2 

3.4 

57.8 

2.2 

30.1 

.2 

10.2 

(') 

2.2 

9.8 

54.8 

2.7 

45.9 

3.9 

47.0 

.2 

9.0 

3.5 

34.7 

1.7 

33.4 

6.6 

55.  0 

7.5 

50.4 

.1 

.8 

4.0 

47.3 

Other  dustless 
surface 


Per- 
centage 
of 
mile- 
age. 


7.9 
22.3 

4.3 
26.  3 

5.8 

8.3 

.5 

2.6 

.1 

20.2 


4.7 
2.7 
4.5 
10.0 
.6 


6.9 
3.3 
6.3 

11.4 


Per 

eentage 

oi 

vehicle- 
miles 


6.1 


49.0 
25.  1 
41.3 
53.  5 
45.  6 

18.7 
2.2 
23.9 
.3 
33.8 

9.7 
12.3 
35.2 

70.  2 
17.9 

24.9 
11.0 
27.9 
16.9 
35.2 

39.9 
15.  7 
20.9 
72.7 


24.  1 


Nondustless 
surface 


Per- 
centage 

of 
mile- 


S.4 
20.  4 
12.3 

8.4 
23.2 

65.1 
33.8 
19.3 
34.  1 
20.3 

53.1 
25.2 
9.5 
3.3 
15.2 

60.3 
11.0 
31.2 
18.4 
13.6 

24.  9 
42.0 
18.8 
4.8 


24.8 


Per- 
centage 

of 
vehicle- 
miles 


8.3 

7.2 
17.9 

2.3 
26.3 

21.2 

32.1 
29.4 
28.7 
3.9 

28.  1 
19.7 
12.4 
3.8 
59.6 

18.9 
21 .  5 
20.9 
53.6 
10.5 

19.7 

25.7 

13.5 

7.6 


18.4 


Total  surfaced 


Per 

eellta'.'e 
Of 

mile 
age 


18.3 
52.9 
17.3 
41.1 
29.5 

80.5 
39.1 
23.3 
43.0 
55.8 

63.7 
31.3 
16.2 
13.5 
15.8 

85.4 
15.0 
41.3 
19.5 
23.8 

33.5 
51.9 
32.6 
16.3 

34.9 


Per- 
centage 

ol 

vehicle 
miles 


80.4 
96.2 
82.3 
92.0 
85.8 

99.2 
85.7 
80.5 
94.8 
96.0 

96.0 
89.8 
77.7 
81.2 
79.7 

98.6 
78.4 
95.8 
79.5 
80.4 

93.0 
96.4 

M  S 
81.1 


Graded  and 
drained 


Per 

eentage 
Of 

mile- 
age 


15.3 
3.8 
8.8 
47.8 
13.4 

7.4 
40.4 

1.6 
40.5 
29.3 

23.8 

51.8 
5.2 

3.7 
17.5 


8.5 
64.7 
32.3 
40.5 


17.0 
32.6 
19.6 
4.8 


22.4 


Per- 
centage 

of 

vehicle- 
miles 


9.1 
.6 
4.8 
7.4 
4.7 

.4 

10  6 

1.3 

4.3 

3.0 

3.3 
9.3 

3.6 
2.5 
11.0 

.8 
19.9 

3.2 
18.3 

5.5 

3.9 
3.2 
6.8 
2.3 


4.9 


Total  improved 


Per 
eentage 

of 
mile- 
age 


33.6 
56.  7 
26.  1 
88.9 
42.9 

87.9 
79.5 
24.9 
83.5 
85.1 

87.  5 
83.1 
21.4 
17.2 
33.3 

93.9 
79.7 
73.6 
60.0 
32.  4 

50.5 
84.5 
52.2 
21.1 


7.3 


Per- 
eenta; 

of 
vehicle- 
miles 


89.5 
96.8 
87.1 
99.  4 
90.5 

99.6 
96.  3 
81.8 
99.1 
99.0 

99.3 
99.  1 
81.3 
86.7 
90.7 

99.4 
98.3 
99.0 
97.8 
85.9 

96.9 
99.6 
91.6 
83.4 


94. 


Unimproved 


66.4 
43.3 
73.9 
11.1 
57.1 

12.  1 
20.  5 
75.1 
16.  5 
14.9 

12.5 
16.9 
78.6 
82.8 
66.7 

6.1 
20.3 
26.4 
40.0 
67.6 

49.  5 
15.5 

47.8 
78.9 


42.7 


Per 

eentage 

of 
vehicle 

miles 


10.5 
3.2 

12.9 

.6 

9.5 

.4 
3.7 
18.2 

.9 
1.0 


18.7 
13.3 
9.3 

.6 

1.7 

1.0 

2.2 

14.1 

3.1 

.4 

8.4 

16.6 

5.3 


Total 


Per- 
centage 
of 

mile 


10(1   o 

100.  0 
100.0 
100.0 
100.0 

100.0 
100.  0 
100.  0 
100.0 
100.0 

100.0 
100.0 
100.0 

loo.  o 

100.0 

100.0 
100.0 
100.0 
100.0 
100.0 

100.0 
100.0 
100.0 
100.0 


100.0 


Per- 
centage 

of 
vehicle- 
miles 


100.0 
100  0 
100.0 
100.0 
100.0 

100.0 
100.0 
100.0 
100.  0 
100.0 

100.0 
100.  0 
100.0 
100.0 
100.0 

100.0 
100.0 
100.  0 
100.0 
100.0 

100.0 

ino.o 

100.0 
100.  0 


ion  ii 


'  Less  than  0.05  percent. 
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carried  only  5.3  percent  of  the  total  vehicle-mileage. 
This  shows  that  the  improvement  of  roads  now  unim- 
proved would  mean,  in  general,  the  construction  of 
relatively  large  mileages  to  serve  a  relatively  small 
portion  of  the  vehicle-miles  of  travel.  These  relation- 
ships are  presented  graphically  in  figure  2. 

Not  only  do  the  roads  of  higher  type  surface  serve 
greater  traffic  densities  than  those  of  lower  type  surface, 
but  they  also,  in  general,  pass  through  more  densely 
populated  rural  areas.  Table  5  shows  the  number  per 
mile  of  farm  units  and  other  rural  dwellings  along  roads 
with  different  type  surfaces  in  each  of  32  States.  The 
States  are  grouped  into  four  regions  from  east  to  west. 
The  greatest  density  of  dwellings  along  all  rural  roads 
is  in  the  eastern  region ;  the  next  greatest  is  in  the  west- 
ern region;  and  the  density  is  lower  for  the  two  inter- 
mediate regions.  For  all  32  States,  there  are,  on  the 
average,  2.7  rural  dwellings  per  mile  of  rural  road.  The 
dwelling  density  along  paved  roads  is  7.1  per  mile  and 
is  lower  for  each  successively  lower  general  surface  type, 
ranging  down  to  1.5  per  mile  for  unimproved  roads. 
In  individual  States,  however,  the  roads  of  higher  sur- 
face type  do  not  always  have  the  greater  dwelling 
densities.  In  Vermont,  Michigan,  Illinois,  Maryland, 
Missouri,  Texas,  and  Louisiana  for  example,  there  are 
fewer  houses  per  mile  along  paved  roads  than  along 
roads  having  other  dustless  surfaces,  and  in  North 
Dakota,  Nebraska,  Montana,  Nevada,  and  Arizona 
there  are  fewer  houses  per  mile  along  roads  having 
dustless  surfaces  other  than  pavement,  than  along 
roads  having  nondustless  surfaces.     These  minor  varia- 

Table  5. — Number  of  rural  dwellings  per  mile  along  roads  with 
different  general  surface  types  by  States  (grouped  by  regions) 


Region  and  State 

Pave- 
ment 

Other 
dustless 
surface 

Nondust- 
less sur- 
face 

Graded 

and 
drained 

Unim- 
proved 

All 
types 

Region  1: 

New  Hampshire 

Vermont.   -. 

10.0 

7.4 

6.3 

4.6 

10.  0 

10.0 

13.3 

9  2 

10  8 

9.1 

7.  2 

7.8 
S  2 
7.2 
9.8 
7.2 
10.4 
11.2 
8.3 
8.1 
7.2 
4.0 

3.6 
4.0 
4.3 
3.2 
4.2 
i,  5 
6.4 
5.1 
5.4 
5.7 
3.1 

2.6 
2.5 
2.8 
2.4 
2.3 
4.3 
111 
4.5 
5.5 
5.9 
2.6 

1.2 
1    1 
1.  1 
1.7 
2.1 
3.9 
3.3 
4.0 
3.4 
4.9 
2.0 

4.3 
3.5 

Michigan _  .  .  -  __ 

:■;  8 

Illinois -.-  

;   i 

Ohio 

5.0 

Maryland  

6.7 

West  Virginia  ..---. 

5.4 

Kentucky 

5.  0 

5  8 

Smith  Carolina 

Florida -_ 

5  5 

3.4 

Average -  ... 

8.1 

1.6 
1.9 

5.3 
2.7 
2.6 

4.0 
6.4 
5.8 
3.5 
4.0 
7.5 

7.4 

4.3 

3.4 

3.2 

!  5 

Region  2: 

North  Dakota 

1.0 
1  6 
4.2 
2.6 
1.2 
5.  6 
2.4 
4.7 
3.1 
4.5 
9.7 

1.  1 
1.3 
3.2 
2.6 
2.0 
3.2 
2.3 
4.0 
2.8 
3.8 
5.9 

.9 

.9 

1.9 

2.1 

1.5 

1.1 
3.2 
2.2 
2.1 
3.2 

.6 
.4 
.'J 
1.9 
1    1 
1.6 
1.2 
3.1 
1.5 
2.4 
2.9 

.  7 

South  Dakota 

8 

Wisconsin. . 

:i  n 

Iowa 

Nebraska..  ...  

2.  3 

I  :; 

Missouri .  

■>  - 

Kansas 

1  5 

Arkansas 

Oklahoma 

Texas 

Louisiana ... 

3.4 

2,2 
2.7 
4.4 

A  verage  

4.5 

4.0 

2.9 

2.0 

1.5 

2  1 

Region  3: 

Montana 

Idaho 

Wyoming 

1.9 
8.2 
4.1 
4.2 
9.8 
4.8 
13.0 

1.6 

2.9 
1.4 
2.3 
3.6 
.9 
3.2 

1.8 
2.8 
1.3 
2.2 
2.0 
1.6 
5.4 

1.0 
1.4 

.6 
1.2 
1.1 

.8 
2.4 

LO 
S 
.9 
.5 
.4 

1.  1 

.9 
1.6 

9 

Colorado 

1  2 

Utah 

Nevada ...  . 

1.3 

Arizona 

•>    9 

A  verage . . 

5.6 

2.1 

2.3 

1.4 

.8 

1  2 

Region  4- 

Washington.. 

9.7 
6.  6 
10.8 

4.  1 
3.9 

6.8 

3.8 
3.4 
2.5 

1.3 
2.0 

.8 
.4 
1.0 

2  8 

Ore?on..  ...  . 

California 

1.9 
3  7 

Average .  ... 

10.1 
7.1 

6.1 
5.6 

3.4 

3.5 

1.1 
2.3 

.9 
1.5 

3  0 

Average  for  all  States 
represented 

■)  7 

3       MILEAGE  OF  SURFACED  ROADS 


I'.    :..  -I      DWELLINGS   SERVED  BY  SURFACED   ROADS 
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PERCENTAGE  OF  TOTAL  IN  EACH  STATE 

Figure  3. — Percentage  of  Rural  Road  Mileage  Surfaced, 
Percentage  of  All  Rural  Dwellings  Directly  Served 
by  Surfaced  Roads,  and  Percentage  of  Total  Travel 
on  Rural  Roads,  in  Each  of  23  States. 

tions  in  the  general  trend  are  caused  by  the  building 
of  high-type  roads,  important  to  through  traffic,  across 
relatively  sparsely  settled  areas. 

In  table  6,  and  in  figure  3,  a  comparison  is  made  of 
the  percentage  of  the  rural  road  mileage  surfaced,  the 
percentage  of  the  vehicle-miles  of  travel  served  by  sur- 
faced roads,  and  the  percentage  of  the  rural  dwellings 
directly  served  by  surfaced  roads,  in  each  of  23  States. 
For  these  States,  37.8  percent  of  the  total  rural  road 
mileage  is  surfaced,  and  this  surfaced  mileage  serves 
directly  57.2  percent  of  the  rural  dwellings  and  accom- 
modates 89.8  percent  of  the  vehicle-miles  of  travel  on 
rural  roads.  In  Ohio,  93.8  percent  of  the  rural  dwell- 
ings are  directly  served  by  surfaced  roads,  whereas  in 
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■i    DUSTLESS   SURFACE 
[~~1    6RAUE0   AND    DRAINED 


NON-DUSTLESS   SURFACE 
I       I    UNIMPROVED 


WISCONSIN 

OHIO 
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MICHIGAN 

N   CAROLINA 

NEW  HAMPSHIRE 

WASHINGTON 
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LOUISIANA 
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PERCENTAGE  OF  ALL  RURAL  DWELLINGS  IN  EACH  STATt 


100 


Figure  4. — Percentage  of  All  Rural  Dwellings  Directly 
Served  by  Roads  With  Different  General  Surface  Types 
in  Each  of  32  States. 

Oklahoma  only  20.1  percent  are  so  served.  The  per- 
centages of  rural  dwellings  served  by  surfaced  roads  in 
other  States  range  between  these  two  extremes. 

The  percentages  of  all  rural  dwellings  directly  served 
by  roads  with  different  general  surface  types  are  shown 
for  each  of  32  States  in  table  7  and  in  figure  4.  By 
omitting  vehicle-mileage  data,  it  was  possible  to  in- 
clude 9  more  States  in  this  table  than  in  table  6.  In 
these  32  States,  57.2  percent  of  all  rural  dwellings  were 
directly  served  by  surfaced  roads,  which  is  exactly  the 
same  percentage  as  that  shown  in  table  6  for  23  States. 
Only  22.6  percent  of  the  rural  dwellings  were  located 
on  unimproved  roads.  For  individual  States,  the  per- 
centage of  rural  dwellings  located  on  unimproved  roads 
varied  from  71.2  percent  in  Wyoming  down  to  1.5  per- 
cent in  Wisconsin. 

TWO-THIRDS  OF  RURAL  DWELLINGS  IN  10  STATES  LOCATED  WITHIN 
1  MILE  OF  SURFACED  ROAD 

Many  rural  dwellings  which  do  not  front  directly  on 
improved  roads  are  located  close  to  them  so  that  the 
occupants  need  travel  only  a  short  distance  to  get  to 
an  improved  highway.  Under  such  conditions,  the 
actual  mileage  which  need  be  driven  on  unimproved 
roads  is  very  small  in  relation  to  the  total  mileage 
driven  on  an  average  trip.  In  10  States,  studies  to 
determine  the  number  of  rural  dwellings  located  within 
different  travel  distances  of  improved  roads  have  beeD 
completed. 

Table  8  and  figure  5  show  the  percentages  of  all  rural 


Table  6. — Percentage  of  rural  road  mileage  surfaced,  and  percent- 
age of  all  rural  travel  and  cf  all  rural  dwellings  directly  served  by 
surfaced  roads  in  each  of  23  States 


State 

Percentage  of 

totai  rural 

road  mileage 

surfaced 

Percentage  o 
total  rural 
vehicle-mile- 
age served  by 
surfaced  roads 

Percentage  of 

all  rural 

]  dwellings  di- 

1  dectly  served 

by  surfaced 

roads 

Arizona 

18.3 
52.9 
17.3 
41.1 
29.5 

39.1 
23.3 
43.0 
55.8 
63.7 

31.3 
16.2 
13.5 
15.8 
85.4 

15.0 
41.3 
19.5 
23.8 
33.5 

51.9 
32.6 
16  3 

80.4 
96.2 
82.3 
92.0 
85.8 

85.7 
80.5 
94.8 
96.0 
96.0 

89.8 
77.7 
84.2 
79.7 
98.6 

78.4 
95.8 
79.5 
80.4 
93.0 

96.4 
84.8 
SI    1 

41.7 
85.7 
31.5 
56.7 
53.5 

45.8 
40.2 
61.2 
76.2 
79.8 

40.9 
32.4 
29.8 
°4  2 

California 

Colorado 

Florida 

Idaho 

Iowa 

Kansas 

Louisiana.. 

Maryland     . 

Michigan ... 

Missouri.. 

Montana 

Nevada-. 

North  Dakota... 

Ohio 

93.8 
20  1 

Oklahoma 

Oregon 

81  5 

South  Dakota 

32  8 

Texas 

35  2 

Utah 

Vermont 

70.3 
56  1 

West  Virginia . 

Wyoming 

25  4 

Average 

37  8                    SQ  « 

57  2 

Table  7. — Percentage  of  all  rural  dwellings  directly  served  by  roads 
with  different  general  surface  types,  in  each  of  82  States 


State 


Arizona... 
Arkansas.. 
California. 
Colorado.. 
Florida... 


Idaho 

Illinois 

Iowa 

Kansas 

Kentucky- 
Louisiana.. 
Maryland. 
Michigan.. 
Missouri... 
Montana.. 


Nebraska 

Nevada 

New  Hampshire- 
North  Carolina.  . 
North  Dakota. .. 


Ohio 

Oklahoma 

Oregon 

South  Carolina. 
South  Dakota... 


Pave- 


Other 


dustless  dustless 
surfaces  surfaces 


Non- 


Texas 

Utah 

Vermont 

Washington... 
West^Virginia. 


Wisconsin. 
Wyoming. 


Average. 


12.6 
5.0 

29.8 
2.2 

13.4 

2.6 
16.7 
5.7 
6.0 
6.3 

16.3 
24.3 
9.9 
5.2 
4.8 

2.0 
2.1 
7.6 
15.7 
.1 

20.0 
4.3 

13.4 


5.2 
10.0 
14.2 
14.2 
19.6 

10.7 
.3 


11.3 


11.7 

1.6 
40.3 

5.3 
35.3 

10.2 

2.1 

.6 

4.2 

17.0 

.1 

33.6 

8.9 

5.6 

8.1 


17.3 

48.9 

10.4 

.8 

22.3 

1.9 
12.7 
11.7 

1.8 

11.0 

19.9 
7.7 
9.3 

13.4 

10.0 
17.7 


12.2 


17.4 
27.1 
15.6 
24.0 
8.0 

40.7 
49.7 
39.5 
30.0 
34.6 

44.8 
18.3 
61.0 
30.1 
19.5 

25.1 
10.4 
25.9 
32.9 
23.3 

51.5 
13.9 
55.4 
16.6 
30.4 

19.0 

37.5 
48.4 
57.4 
23.1 

62.6 
7.4 


All  sur- 
faced 
roads 


41.7 
33.7 
85.7 
31.5 
56.7 

53.5 
68.5 
45.8 
40.2 
57.9 

61.2 
76.2 
79.8 
40.9 
32.4 

27.9 
29.8 
82.4 
59.0 
24.2 

93.8 
20.1 
81.5 
37.2 
32.8 

35.2 
67.4 
70.3 
80.9 
56.1 

83.3 

25.4 


Graded 

and 

drained 

roads 


16.4 

19.7 

2.1 

9.9 

36.9 

11.5 
28.7 
37.4 
1.1 
6.4 

28.3 
16.4 
16.7 
48.8 
5.8 

10.7 
5.6 
12.9 
36.9 
22.7 

3.8 
65.5 
11.9 
27.1 
47.2 

6.5 
14.2 
23.6 
13.2 
14.8 

15.2 
3.4 


All  im- 

proved 

roads 

58.1 

53.4 

87.8 

41.4 

93.6 

65.0 

97.2 

83.2 

41.3 

64.3 

89.5 

92.6 

96.5 

89.7 

38.2 

Unim- 
proved 
roads 


33.7 


57.2 


20.2 


:is  r, 
35.4 
95.3 
95.9 
46.9 

97.6 

85.6 
93.4 
64.3 
80.0 

41.7 
81.6 
93.9 
94.1 
70.9 

98.5 
28.8 


77.4 


41.9 
46.6 
12.2 
58.6 
6.4 

35.0 
2.8 
16.8 
58.7 
35.7 

10.5 

7.4 

3.5 

10.3 

61.8 

61.4 

64.6 

4.7 

4.1 

53.1 

2.4 
14.4 

6.6 
35.7 
20.0 

58.3 

18.4 

6.1 

5.9 

29.1 

1.5 
71  2 


22.6 


dwellings  within  various  travel  distances  of  surfaced 
roads,  in  the  10  States  in  which  this  information  is 
available.  In  these  States  65.0  percent  of  the  rural 
dwellings  were  within  1  mile  of  a  surfaced  road,  and 
77.5  percent  were  within  2  miles  of  a  surfaced  road. 

(Continued  on  page  158) 


GRAPHICAL  ANALYSES  OF  THE  STABILITY 

OF  SOIL 


BY  THE  DIVISION  OF  TESTS,  PUBLIC  ROADS  ADMINISTRATION 

Reported  by  E.  S.  BARBER,  Junior  Highway  Engineer,  and  C.  E.  MERSHON,  Junior  Engineer 


TO  FURTHER  the  development  of  rational  pro- 
cedures for  use  in  the  design  and  construction  of 
highways  during  the  past  two  decades,  the  Public 
Roads  Administration  has  made  comprehensive  studies 
of  published  material  and  conducted  supplementary 
laboratory  research  on  the  stability  of  soil.  Results  of 
this  work,  published  in  PUBLIC  ROADS  and  in  the 
Proceedings  of  the  Highway  Research  Board,  include 
the  interpretation  of  test  data,  the  evaluation  of  pres- 
sure against  retaining  walls,  the  design  of  cuts  and 
embankment  cross  sections,  and  the  estimation  of  the 
supporting  value  of  undersoil. 

In  an  effort  to  expedite  a  general  use  of  the  theories 
as  a  basis  of  correlation  with  experience,  this  report 
presents  methods  of  analyses  in  which  charts  are  used 
to  facilitate  computations  and  thus  greatly  reduce  the 
time  and  labor  required  in  the  application  of  the  for- 
mulas. A  summary  of  the  development  of  the  formu- 
las and  a  brief  discussion  of  the  assumptions  on  which 
the  theories  are  based  are  first  presented.  An  explana- 
tion of  the  construction  and  use  of  the  charts  then 
follows. 

STABILITY    OF   SOIL    DEPENDS    UPON   ITS   SHEARING    RESISTANCE 

The  stability  of  a  soil  is  assumed  to  depend  upon  its 
shearing  resistance  which,  according  to  Coulomb's 
classical  theory  published  in  1773  (l),1  is  expressed  by 
the  relation 

s=c-\-v  tan  <t> (1) 

in  which 

s  =  unit  shearing  resistance, 

c  =  unit  cohesion, 

7i  =  stress  normal  to  the  plane  of  shear,  and 

4>  =  angle  of  internal  friction. 

Cohesion  is  defined  as  that  component  of  shearing 
resistance  which  is  independent  of  the  stress  normal  to 
the  plane  of  shear.  (See  fig.  1.)  Internal  friction  is 
defined  as  that  component  of  shearing  resistance  which 
is  directly  proportional  to  the  stress  normal  to  the  plane 
of  shear. 

A  factor  of  safety  with  respect  to  total  strength  may 
be  applied  by  dividing  c  and  tan  </>  by  the  desired 
factor  {2).  For  a  deformation  less  than  that  at  failure, 
the  corresponding  c  and  <j>  (S)  may  be  used  by  assuming 
a  hypothetical  soil  with  these  ultimate  values. 

Compressive  strength. — The  relation  between  the  unit 
compressive  strength,  v0)  of  an  unconfined  cylindrical 
soil  sample,  its  cohesion,  and  its  angle  of  internal 
friction,  was  discussed  in  the  Proceedings  of  the  Nine- 
teenth Annual  Meeting  of  the  Highway  Research 
Board  {/+).     The  formula  is 


v0=2c  tan  a_ 


where 


(2) 


«=45°  +  |- 


Italic  figures  in  parentheses  refer  to  bibliography,  page  155. 


NORMAL   STRESS,   n 

Figure   1. —  Relation  of  Shear  Stress  to  Normal  Stress 
in  a  Soil  Sample  at  Failure. 


U  =2  c  TAN  a  +-  I  TAr\r<2- 

Figure  2. — Relation  of  Principal  Stresses  at  Failure  of 
Any  Point  in  a  Stressed  Earth  Mass. 

If  a  unit  lateral  pressure,  I,  is  applied  to  a  sample  as 
in  figure  2,  the  expression  for  its  unit  compressive 
strength,  v,  as  published  in  PUBLIC  ROADS,  Decem- 
ber 1938  (5),  becomes 


v=2c  tana+Z  tan2a_ 


(3) 
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Tangent  functions  of  a  and  its  complement  /3  are 
given  in  table  1. 

The  relation  between  the  maximum  height,  H,  at 
which  an  unrestrained  embankment  will  stand  verti- 
cally, the  unit  weight  of  the  soil,  w,  and  its  shearing- 
resistance,  was  discussed  in  PUBLIC  ROADS,  Decem- 
ber 1929  (G).     The  expression  is 


Tj     Vn     2c  , 
H—     =—  tan  «_ 


1D 


W 
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Active  and  passive  pressures. — Formulas  for  finding 
the,  lateral  pressures  of  soils  against  retaining  walls 
were  published  in  PUBLIC  ROADS,  December  1938 
(5).  For  the  simplest  case  of  a  cohesive  soil  with  level 
backfill,  vertical  back  of  wall,  no  surcharge,  and  swell- 
ing phenomena  neglected,  the  total  active  horizontal 
pressure,  L,  per  unit  length  of  wall  is  obtained  from  the 
expression 

L = h(~  tan2  0 -  2c  tan  0 Y  _  . .  (5) 


in  which 


A  =  hcight  of  backfill,  and 


., 


0=45°-^ 


Figure  3. — Surfaces  of  Slip  Behind   Walls. 

For  the  same  conditions,  the  total  passive  earth 
pressure,  P,  per  unit  length  of  wall  is  given  by  the 
formula 


P  =  h(  —  tan2  a  +  2c  tan  a  ) 


(6) 


The  significance  of  the  terms  "active"  and  "passive" 
cartli  pressure  has  been  described  in  PUBLIC  ROADS 
(3)  as  follows: 

In  the  design  of  retaining  walls,  three  types  of  earth  pressure 
may  be  considered. 

Without  movement  of  the  earth,  pressures  against  the  walls, 
figures  3-A  and  3-B,  become  the  "earth  pressures  at  rest" 
which  depend  upon  the  coefficient  K,  expressed  by  the  relation: 
K  =  l/v.      (K  depends  on  the  soil's  elasticity.) 

However,  soil  must  deform  to  fail.  The  pressures  it  pro- 
duces at  maximum  deformation  without  failure  are  termed 
active  or  passive,  depending  on  the  directions  of  the  applied 
forces  responsible. 

Wedges  assumed  in  the  design  of  retaining  walls,  figure  3, 
have  lower  boundaries,  D-D,  on  which  the  soil  slips  when  it 
shears.  Weight  of  the  earth  in  figure  3-A  produces  the  active 
earth  pressure  which  forces  walls  outward  and  causes  D-D  to 
incline  at  an  angle  a  with  the  horizontal  and  /3  with  the  vertical. 
Forcing  walls  backward  as  in  figure  3-B  produces  the  passive 
earth  pressure  which  causes  D-D  to  incline  at  an  angle  /3  with  the 
horizontal  and  a  with  the  vertical. 

A  cable  anchorage  would  exert  passive  pressure  on 
the  soil  in  front  of  it.  The  surface  shear  test  apparatus 
developed  by  Burggraf  (7)  measures  a  similar  passive 
resistance. 

FORMULAS   GIVEN   FOR    BEARING    CAPACITY    AND    DISTORTION    OF 

SOILS 

Bearing  capacity  under  strip  load. — It  will  be  noted 
that  equations  5  and  6  have  two  parts.  The  first 
depends  on  the  weight  of  the  earth  in  the  wedge  and  the 
second  on  the  cohesion.  As  shown  in  figure  4-A,  the 
bearing  capacity,  q,  of  soil  under  a  long,  uniform,  strip 
load  depends  on  an  active  wedge  being  held  in  equilib- 
rium by  a  passive  wedge.  Since  the  passive  pressure, 
P,  is  always  greater  than  the  active  pressure,  L,  an 
additional  pressure,  q,  can  be  supported  at  the  surface  of 
the  active  wedge.     Then  at  equilibrium 


By  substituting  equations  5 
equation  7  there  is  obtained 

TT      2  tan  a 

q  =  WtH  =  c 2 — 

x  cos^  a 


(7) 


an 


wuB 


d  6  for  L  and  P  in 


tan4  a— 1 
2  cot  a 


-(8) 


in  winch 


W/=unit  weight  of  embankment  material, 
H=  critical  height  of  embankment, 
ipu=unit-  weight  of  undersoil,  and 
5  =  width  of  active  wedge  at  the  subgrade 
surface,  figure  4-A. 
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B=  J  WIDTH   OF  EMBANKMENT 

Figure  4. — Surfaces  of  Sup  Under  Embankments  (<j>  =  10°). 

If  a  surcharge  of  thickness  J"  is  applied  to  the  surface 
of  the  passive  wedge,  figure  5-A,  the  load  on  the  active 
wedge  may  be  increased  by  wsT  tan4  a,  where  ws  is  the 
unit  weight  of  the  surcharge  material.  The  total  bear- 
ing capacity  (8)  then  becomes 


q  =  wfH=c 


2  tan  a 
cos2  a 


w„B 


tan4a— 1 
2  cot  a 


•wsrtan4  a.  (9) 


For  zero  cohesion,  the  first  term  is  zero;  for  zero  friction, 
the  second  term  is  zero;  and  for  zero  surcharge,  the  third 
term  is  zero.  If  B  is  taken  as  zero  in  equation  9,  the 
bearing  capacity  becomes  equivalent  to 


q=2c  (tan3  a  \  tan  a)  \-wsT  tan4 


(io; 


which  gives  the  maximum  allowable  vertical  pressure 
under  the  edge  of  a  footing  (9).  Equation  9  has  been 
suggested  for  use  in  estimating  the  supporting  value  of 
a  homogeneous  subgrade  under  a  symmetrical  strip  load 
which  divides  in  the  center  as  it  fails. 

To  apply  the  formula  to  a  long  fill,  the  cross  section 
of  the  fill  must  be  modified.  With  reference  to  figure  5, 
it  should  be  noted  that  B  is  the  width  of  the  active 
wedge  whereas  b  is  one-half  the  top  width  of  the  fill. 
One  method  of  solution  is  to  assume  a  rectangular  cross 
section  of  width  2B  and  an  area  equal  to  the  area  of  the 
fill  as  shown  by  figure  5-B.  This  solution  considers  no 
surcharge.  Another  method  is  to  assume  a  rectangle 
of  width  2B  with  equal  surcharges  on  each  side  as  shown 
by  figure  5-C.  The  area  of  the  rectangle  plus  the  area 
of  the  surcharges  is  equal  to  the  actual  area  of  the  fill 
cross  section. 

If  the  embankment  can  be  considered  rigid  enough 
to  settle  as  a  unit  and  the  undersoil  moves  out  on  one 
side  only  as  in  figure  4-B,  the  full  width,  2B,  is  used  in 
place  of  B  and  equation  9  becomes 


q=c 


2  tan  a 
cos2  a 


-ivvB 


tan4 


1 


cot  a 


-w.^tan4  a (11) 


A  different  problem  is  presented  by  a  fill,  figure  4-C, 
which  is  rigid  enough  to  settle  vertically  without  tilting 
and  without  breaking  in  the  middle,  forcing  the  under- 
soil out  on  both  sides.     Prandtl's  formula  with  a  term 


■^Stan3^  -* 


SUBCHARGEI 


H 
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Figure  5. —  Modified  Embankment  Cross  Sections. 

added  to  include  the  weight  of  the  supporting  soil  (10) 
may  be  used  to  find  the  supporting  power  of  the  under- 
soil under  these  circumstances.  The  formula  considers 
no  surcharge  and  is 

q=(c  cot  <j>+wuB tan  a)  (tan2  aXe'"""*  — 1)_(12) 

Distortion,  of  soil.  If  the  amount  of  distortion  in  the 
soil  behind  a  retaining  wall  were  relatively  the  same  as 
in  a  shear  sample  and  the  wedge  of  soil  behind  a  rotating 
wall  deformed  in  pure  shear  parallel  to  the  plane  of 
failure,  figure  6,  the  average  movement  of  the  top  of  the 
soil  wedge  h  feet  high  as  the  wall  rotates  about  its  base 
(4)  would  be: 

For  walls  moving  out  (active  pressure),  figure  6-A. 

di  =  ^  sin2  0  feet=0.03raA(l-sin  <t>)  inches     .(13) 

771  ft 

^"  =  9nft  s*n  ^  cos  ^  feet=0-03m/i  cos  4>  inches —  (14) 

For  walls  moving  in  (passive  pressure),  figure  6-B. 

7)1  h 
^;==9nn  cos2  ^  ieet  =  0.()3m/i(l  +sin  <t>)  inches (15) 

7Y)  it 

^"=9nnsm  '3cos  /3feet=0. 03mA  cos  finches —  (16) 

where 

c?i  =  average  lateral  soil  movement, 

rf„  =  average  vertical  soil  movement,  and 


m  =  shear  strain  in  percent^ 


tangential  movement 

thickness 


xioo. 


In  a  direct  shear  test,  the  shear  strain  may  be  taken 
as  the  shear  movement  divided  by  the  effective  thickness 
of  the  sample.  For  constant  volume  and  small  strains 
the  maximum  shear  strain  in  a  uniformly  stressed  cylin- 
der is  1.5  times  the  vertical  strain  (11).     The  average 
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Figure  6.     Distortion   of  Soil  Behind   Wall. 

settlement  due  to  lateral  movement  of  the  soil  support- 
ing a  long  nonrigid  embankment  may  be  estimated  by 
using  />,  the  half  width  of  the  fill,  in  place  of  h  in 
equation  15. 

Bearing  capacity  of  thin  layer. — For  a  plastic  material 
squeezed  between  two  parallel  rigid  plates,  the  theory 
(il  plasticity  indicates  that  the  bearing  capacity  varies 
directly  as  the  shearing  resistance  and  as  the  ratio  of 
the  width  of  the  plates  to  the  distance  between  them  if 
this  ratio  is  at  least  four  (12,  13).  For  the  case  of  a 
triangular  load  of  relatively  firm  material  resting  on  a 
soft  layer  which  is  underlaid  by  relatively  firm  material, 
figure  7  A,  the  expression  for  the  unit  bearing  capacity, 
q,  of  the  soft  undersoil  is 

q=WrH0=s^  (17) 

where 

vi f—  unit  weight  of  fill  material, 
//„  =  height  of  triangular  fill, 
s  =  unit  shearing  resistance  of  soft  layer, 
a: = width  of  fill  at  base,  and 
/>  =  depth  of  soft  layer. 
By  assuming  a  triangular  embankment,  figure  7-A, 

and  substituting  c-\-~"0-  tan  <j>  (that  is,  c-\-n  tan  <j>  of 

the  soft  undersoil)  for  s  and  2H0SQ  for  x,  a  formula  was 
derived  for  calculating  the  critical  slope,  S0,  of  the  em- 
bankment.    The  expression  thus  obtained  is 

"     lv  ;  Dwu  tan  <T  (IS) 

in  which 

<■/•„=- unit  weight  of  soft  undersoil. 

The  critical  slope  of  a  t  rapezoidal  fill  may  be  estimated 
from  equation  18  by  considering  a  triangle,  figure  7  A. 
with  the  same  base  and  slope  as  the  embankment.  In 
the  case  of  low,  wide  fills,  the  results  obtained  l>\  this 
procedure  may  be  too  conservative.  Another  method 
(13)  is  to  consider  a  triangle  with  an  area  equal  to  the 
trapezoidal  area  of  the  fill  as  in  figure  7-B.  For  this 
assumption,  the  relation  between   the  slope,  S,  of  the 


FIRM   MATERIAL 
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Figure  7.— Fill  on  Soft  Layer. 
fill  and  the  slope,  S0,  of  the  triangle  is 


o    "       I     O 


(19) 


°-—-\-S 
II  +  ° 


where 


6  =  top  half-width  of  fill,  and 
H=  height  of  fill. 

FORMULA  FOR  GREATEST  SHEARING  STRESS  UNDER  FILL 
PRESENTED 

Critical  height  of  slopes. — A  graphical  method  for 
determining  the  critical  height  of  slopes  was  published 
in  PUBLIC  ROADS,  December  1929  (6).  It  assumes 
a  circular  surface  of  sliding  as  shown  in  figure  8  and 
compares  the  moment  of  the  shear  resistance  along  this 
surface  with  the  moment  of  the  weight  of  soil  bounded 
by  the  surface.  Moments  are  taken  about  the  center 
oi'  curvature.  The  most  dangerous  circle  is  determined 
by  trial.  Various  analyses  of  the  critical  height,  H, 
of  cuts  and  embankments  of  homogenous  material  with 
level  tops  have  been  compared  and  tabulated  by  Taylor 

c 
(Li).     His    tables   give    the    dimensionless    ratio   — ^ 

iv  II 

for  various  values  of  0  and  slope  angle  i.     For  a  vertical 


slope,  the  critical  height  becomes  approximately 


3.83c 
w 


Ian  <v  which  is  greater  than  that  given  by  equation  1, 
based  on  different  assumptions. 

Greatest  shear  stress  underfill. — Applying  the  theory 
of  elasticity  to  a  semi-infinite,  homogeneous,  isotropic 
material,  it  is  found  that  the  greatest  shear  stress,  sG, 
under  a.  symmetrical,  trapezoidal  strip  load,  figure  9, 
is  on  the  centerline  and  is  expressed  by  the  formula 
(15,5) 


2.3zplQ<rz  f(a+6)2 


ira 


2  +  b2 


(20) 


where 
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Fioure  8. — Sliding  Surface  in  Homogeneous  Slope. 


B=b+: 


p  =  lL-,H 


2  =j9  (APPROXIMATED) 


LOCATION  OF  Sc  -\— 

Figure  9. — Trapezoidal  Load  on  Elastic   Material. 

2=depth  below    the  surface,  chosen   to 

make  Sq  a  maximum, 
p=pressure  on  centerline  at  the  surface 

of  the  supporting  material, 
a  =  width  of  one  side  slope  of  trapezoidal 

fill, 
6  =  half  width  of  till  at  top,  and 

Z?=&+-  =  2  (approximately). 

For  the  special  case  of  a  rectangular  strip  load,  «  =  (), 
the  shear  stress  is  maximum  and  equal  to  p/ir  at  all 
points  on  the  circumference  of  a  semicircle  passing 
through  the  edge  of  the  load.  If  there  is  a  rigid  layer 
at  some  depth  below  the  load,  then  according  to  D.  L. 
Holl  (16),  the  greatest  shear  stress  is  nearer  the  surface 
and  of  greater  magnitude  than  for  a  homogeneous 
supporting  material  of  infinite  depth. 

The  load  producing  a  greatest  shearing  stress  equal 
to  the  cohesion  of  the  supporting  soil  is  less  than  the 


STRESS  RATIOS. sjp  AND />,//» 
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j6  =  GREATEST  SHEAR  STRESS  AT  DEPTH,  z 
p,  'CORRESPONDING  MAJOR  PRINCIPAL 
/,,=  VERTICAL  NORMAL  PRI 


lio  hi;  10.  Greatest  Stresses  Due  to  Uniform  Circular 
Load  on  a  Semi-infinite  Solid  for  Different  Poisson's 
Ratios. 

ultimate  bearing  capacity,  computed  for  conditions  of 
failure.  That  is.  the  load  which  causes  failure  at  a 
single  point  or  localized  region  is  less  than  the  load 
which  will  cause  total  failure  throughout  the  support- 
ing soil.  Design  based  on  stresses  causing  failure  at 
restricted  regions  under  a  finite  area  is  illustrated  by 
considering  the  stresses  under  a  circular  load. 

Stvcxxi  s  undt  r  l<>a<l(  J  circular  tin  as.  A  complete  anal- 
ysis of  the  stresses  below  a  uniformly  loaded  circular 
area,  using  the  theory  of  elasticity,  has  been  presented 
by  Love  (17 .  IS)  and  includes  a  tabula!  ion  of  stresses  for 
Poisson's  ratio  equal  to  one-fourth.  This  analysis  was 
discussed  m  PUBLIC  ROADS  (19).  Figure  10  shows 
the  location  and  magnitude  of  the  greatest  shear  stress 
and  the  corresponding  major  principal  stress  at  any 
level  in  the  undersoil.  The  influence  of  Poisson's  ratio 
on  these  stresses  is  also  shown.  The  greatest  shear 
stress  anywhere  under  a,  uniformly  loaded  circular  area 
is  at  the  surface,  just  beneath  the  perimeter.  For  a 
Poisson's  ratio  of  one-half,  the  greatest  shearing  stress 
is  on  the  axis  for  all  depths  where  z\i  is  greater  than  0.7. 
Broken  lines  in  figure  10  were  interpolated.  Figure  11 
shows  the  effect  upon  the  greatest  shearing  stress  at  any 
level  of  varying  the  applied  load  when  the  total  load 
or  the  area  of  the  circle  or  the  unit    pressure  is  kept 


GREATEST    SHEAR    STRESS   -  THOUSANDS  OF  POUNDS    PER    SQUARE    FOOT 
3  4  0  I  2  3  4  0 
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Figure   11. —  Greatest  Shear  Stresses   Die  to   Uniform  Circular  Load  on  a  Semi-infinite  Solid. 
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Figure  12. — Relation  of  Strength  to  Stresses  at  a  Point. 

constant.  For  <f>  equal  to  zero  and  Poisson's  ratio  equal 
to  one-half,  a  point  at  the  edge  of  the  load  is  overstressed 
if  the  unit  load  exceeds  3.14c  (see  fig.  10)  whereas,  ac- 
cording to  H.  Hencky  (12),  the  ultimate  bearing  ca- 
pacity under  a  rigid  circular  load  is  not  reached  until 
the  average  unit  pressure  is  5.64c. 

To  determine  the  cohesion  required  to  prevent  over- 
stress  at  any  point  at  a  given  level  below  a  uniformly 
loaded  circular  area  in  a  material  wherein  4>  is  greater 
than  zero,  account  must  be  taken  of  the  weight,  w,  of 
the  material  and  the  normal  stresses  produced  by  the 
load  {20).  Mohr's  diagram,  figure  12,  shows  the 
cohesion  required  to  prevent  overstressing  at  any  point 
and  was  used  in  deriving  the  formula, 

c  =  pF—wz  tan  <j> (21) 


where 


Pr 


■> 


an  <j> 


p  cos  <f>     \      p 
in  which  smax  fmd  Pi  are  the  stresses  s0  and  px  shown  in 


figure  10  except  for  certain  values  of  0  for  which  stresses 
at  points  off  the  axis  required  the  greatest  cohesion. 

This  analysis  may  be  useful  as  a  qualitative  indica- 
tion of  the  shearing  strength  required  in  flexible  pave- 
ments and  subgrades  under  pneumatic  tire  loads. 
However,  as  in  other  soil  stability  problems,  due  con- 
sideration must  be  given  to  such  factors  as  wetting  and 
drying,  freezing  and  thawing,  swelling  and  consolida- 
tion, distortion,  and  nonuniformity. 

CHARTS  USED  TO  FACILITATE  COMPUTATIONS 

The  charts  used  in  the  solution  of  the  foregoing 
formulas  are  of  the  simplest  types  and,  in  general, 
permit  the  determination  of  any  one  variable  if  the 
others  are  given  (21).  Supplementing  the  method  of 
constructing  each  chart  is  an  illustrative  example 
which  demonstrates  its  use. 

Principal  stresses  at  failure. — If  equal  lateral  and 
vertical  pressures  are  applied  to  a  right  circular  cylinder 
and  the  vertical  pressure  then  increased  to  failure, 
these  stresses  are  related  to  c  and  <$>  by  equation  3. 
This  formula  may  be  used  to  determine  either  the 
major  principal  stress,  v,  or  the  minor  principal  stress,  /. 
To  construct  the  graph,  each  term  was  evaluated 
separately.  Thus,  in  the  left  chart  of  figure  13,  tan  a 
is  plotted  on  the  vertical  axis,  marked  with  the  corre- 
sponding values  of  <f>,  and  is  multiplied  by  the  sloping 
hues  for  various  values  of  c  to  determine  2c  tan  a  on 
the  horizontal  axis.  On  the  right  chart  tan2  •  a  is 
plotted  on  the  vertical  scale.  An  illustrative  problem 
in  which  c,  <p,  and  I  are  given  is  shown  on  the  figure. 


\  I    W    M     \l     \[     M     \       \'     V     \       \ 

COHESION,  C    -   RESISTANCE    PER   UNIT   AREA 

1-5  K    \    \     \   1.0   \     1      I         0.5  0.2 


10         98765432 
2c   TAN  <7  -  RESISTANCE  PER  UNIT  AREA 


6  7  8  9  10         II  12 

I  1ANZ(Z-  LOAD    PER  UNIT  AREA 


MAJOR    PRINCIPAL    STRESS 
(PASSIVE   PRESSURE), 
f  =2f  TANtf+l  TAN2<3 

I;  /    AND  C    MAY    BE  IN    ANY 
UNITS  OF  FORCE  PER  UNIT 
AREA. 


BROKEN    LINE    IS  FOR  EXAMPLE  •■-    USING  UNITS  OF  1,000  LB   PER  SQ.FT. 

r  0\   AND  c  =700  LB.     PER  SQ   FT.,    2  f    TAN  « =  2,000  LB.     PER  SQ.FT. 

F0R  V  '  20   J    AND   I     500  LB.     PER   SQ.FT.       /   TAN2ff=  1,000  LB.     PER  SQ.FT. 
V=  2,000  +  1.000  =3,000  LB.     PER  SQ.FT. 

TO  FIND    f    WITH  V  GIVEN,  ENTER    RIGHT-HAND   CHART  WITH     I   TA  N  2cZ(=  l>  -  2e    TANC) 


Figure  13. — Principal  Stresses  at  Failure. 
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PRANDTL'S 
FORMULA  :- 


n  =  (r  cot/  +  uu  B  tanct)  (TAhi2arc»  ,AN  ?-i)  = .?,.  +  ^ 


PUBLIC  ROADS  ,    2TAN<r     ,    ...     n  TAN*g-l        ...     T  ....4. 
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AREAS   REMAIN    CONSTANT 


STRAIGHT?  BROKEN    LINES  ARE  FOR  EXAMPLE    -    BY   PUBLIC  ROADS  FORMULA 
FOR  4  =10°  (SAME   FOR  EACH  tj)  AND  c  =500  LB.     PER  SQ.  FT.,  ©GIVES  q(  =  2,900  LB.    PER  SQ  FT. 
F0R5  -40FT.  AND  U>u  =IOO-LB.    PER  CU  FT,  WUB=  4,000  LB.    PER  SQ.  FT,©  G  I VES  <jB  -  2.4  00  LB.    PER  SQ.FT. 
FOR  7"  =  5  FT.  AND  WS=I20  LB.    PER  CU.FT,  1^=600  LB.   PER  SQ.  FT,  (5)  GIVES  q  r  =  |.200  LB.     PER  SQ  FT. 
THEN  y=«f +Oj    +^r    =6,500  LB.     PER  SQ   FT.   =  WfH  (EQUILI  BRIUM)  ;  FOR  Wf    =130  LB.    PER  CU.  F  T,  ©//=50  FT. 

Figure   14. — Bearing   Capacity  of  Soil   Under   Long   Fill. 


To  solve  for  v,  start  at  0  =  20°  and  follow  the  dotted 
lines  to  obtain  the  two  terms  of  equation  3  which  are 
added  to  determine  v.  The  necessary  additions  or 
subtractions  as  well  as  the  reading  of  the  charts  may 
be  done  with  the  aid  of  temporary  marks  on  a  straight- 
edge. 

Equation  5  may  be  rewritten  in  the  form 

wh     ,  .  L  ,     , 

-~-=2c  tan  a-fj  tair  a 

The  active  horizontal  thrust,  L,  against  a  retaining 
wall  may  then  be  determined  from  figure  13  by  using 

-„-  for  v  and  y-  for  /. 

As  an  example,  find  L  for  a  wall  20  feet  high;  given 
u>=100    pounds   per   cubic    foot,    c  =  200    pounds    per 

J-  ir>o    «'/(-         100X20       „   ^^„  , 

square  foot,  0=10°,  -^    = k1 —  =  1,000  pounds,  per 

square  foot. 

From  the  left  chart,  2c  tan  a=480  pounds  per  square 


foot. 


Then  j-  tan2    a=  1,000  — 480  =  520  pounds  per 


'square  foot. 

From    the   right-hand    chart    for    tan 

0  =  10°,  t-  =  370  pounds  per  square  foot. 


a=520    and 


Thus  L= 7,400  pounds  per  foot  of  wall. 

Similarly,  the  passive  pressure,  P,  back  of  a  retaining 
wall  as  expressed  by  equation  6,  may  be  obtained 
from  figure  13  by  substituting  P/h  for  v  and  wh/2  for  /. 
A  nomograph  of  the  general  formula  for  pressures  on  a 
wall  with  a  cohesionless  backfill  has  been  published 
by  Taylor  {22). 

Bearing  capacity  of  soil  under  long  fill. — Figure  14 
may  used  to  compute  the  bearing  capacity  of  a  homo- 
geneous subgrade  under  a  symmetrical  strip  load 
The  figure  solves  equations  9,  11,  and  12  by  dividing  the 
total  bearing  capacity,  q,  into  components — qc  involv- 
ing c;  qB  involving  the  pressure  in  the  supporting  soil, 
w UB;  and  qT  involving  the  surcharge  pressure  wsT. 
The  total  bearing  capacity  is  the  sum  of  the  com- 
ponents. The  lower-left  chart  gives  the  value  of  a 
function  of  </>  and  the  upper-left  chart  multiplies  this 
value  by  the  appropriate  values  of  c,  wuB,  or  wsT. 
The  values  of  wu,  ws,  and  wf  which  are  selected  should 
represent  the  most  unfavorable  conditions  to  be 
anticipated. 

The  illustrative  example  shown  on  figure  14  considers 
a  nonrigid  fill  with  surcharges  for  which  c,  <t>,  wu,  ws, 
T,  wf,  and  B  are  given.  In  the  problem.  H  is  solved  for 
by  means  of  equation  9. 

Values  for  a  multiplying  factor  not  on  the  chart  such 
as  c  equals  50  may  be  determined  by  using  the  line  for  c 
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Figure  15. — Soil  Movement  Behind  Wall. 


BROKEN    LINE  IS  FOR  EXAMPLE'- 
m=   5  PERCENT^!    FROM  TEST  SHOWING  RELATION 
f     =10  DEGREES/      OF  STRESS   TO   STRAIN 
h   =20  FEET 

rt,  =  2.5  INCHES,  MOVING   OUT 

tit  =3.5  INCHES,  MOVING  IN 

du-3.0  INCHES,  MOVING  OUT   OR  IN 


equals  x  times  50  and  dividing  the  resulting  qc  by  x. 
This  same  device  may  also  be  used  for  wuB,  wsT,  H,  wf, 
or  similar  factors  on  other  charts. 

Soil  movement  behind  wall. — The  movement  of  the 
faces  of  the  wedge  of  soil  behind  a  rotating  wall  as 
given  by  equations  13  to  16  may  be  determined  from 
figure  15.  The  middle  chart  multiplies  m  by  h,  and 
the  left  and  right  charts  multiply  this  product  by  the 
appropriate  functions  of  <£.  The  arrows  and  broken 
lines  indicate  the  use  of  the  chart  in  an  example  to 
solve  for  the  average  lateral  and  vertical  movements  of 
the  soil  of  height  h  for  a  given  shear  strain  or  deforma- 
tion and  the  corresponding  <f>. 

Critical  slope  of  fill  on  sojt  layer. — Figure  16  may  be 
used  in  solving  equations  18  and  19.  The  three  terms 
of  equation  18  as  rearranged  on  figure  16  are  solved 
separately  and  must  be  added  or  subtracted  as  required. 
The  lower-left  chart  is  used  for  obtaining  wf/S0  and 
w„tan  4>.  The  right-hand  chart  divides  2c  by  D. 
The  small  chart  in  the  upper  left  is  used  for  obtaining 
S0,  the  slope  of  the  triangle,  when  the  equal  area 
method  is  used. 

In  the  illustrative  example,  b,  H,  S,  wf)  wu,  <j>,  and  D 
are  given  and  the  c  required  for  equilibrium  is  to  be 
found.  Using  method  I,  enter  the  upper-left  chart 
with  b/H  and  S  to  get  S0.  The  lower  chart  divides  wf 
by  S0  and  multiplies  wu  by  tan  0.  Next  enter  the  right- 
hand  chart  with  2cjD  (which  equals  Wf/S0—wu  tan  <£), 
and  with  the  given  D  find  the  required  c.  One  may 
solve  for  S,  if  the  other  factors  are  known,  by  going 
through  the  chart  in  the  reverse  direction.  If  the  slopes 
of  the  fill  are  assumed  to  be  continued  to  form  a  triangle 
as  in  method  II,  S=Sn  and  the  upper-left  chart  may  be 
disregarded. 

Critical  height  of  slopes. — The  lower-left  chart  of  figure 
17  was  constructed  from  Taylor's  table  of  values  of 


mil 


for  various   values   of  slope   angle   and   <j>.     The 


abscissas  in  the  lower-left  chart  are 


wH 


and  the  ordi- 


nates  of  the  upper  charts  are  wH.  The  curved  lines 
in  the  lower-left  chart  are  for  circles  through  the  toe 
of  the  slope  when  a  more  dangerous  circle  exists  which 
passes  below  the  toe. 

In  the  first  example,  find  H  when  S  is  1^:1,  0=7.6°, 
c=100  pounds  per  square  foot,  and  w=100  pounds  per 
cubic  foot.  By  following  the  broken  lines  marked  1, 
H  is  found  to  be  10  feet.  If  H  is  20  feet,  one  can  go 
through  the  chart  in  reverse  direction  and  find  that  the 
critical  slope  is  3.4:1. 

The  critical  height  of  cohesionless  materials  is,  ac- 
cording to  this  analysis,  zero  for  slopes  greater  than  <£ 
and  unlimited  for  slopes  less  than  4>. 

Greatest  shear  stress  under  long  Jill. — -Equation  20 
was  solved  for  variously  proportioned  trapezoids  and 
figure  18  was  constructed  for  calculating  the  greatest 
shear  stress  produced  by  a  given  fill  pressure.     The 

left  chart  determines   —  for  given  ratios  of  bjB.     The 


/' 


sG 


right-hand  chart  multiples  —  by  p. 

Cohesion  required  under  uniform  circular  load.— 
Figure  19  may  be  used  to  determine  F  in  equation  21. 
Values  of  sG/p  and  pjp  for  substitution  in  the  expression 
for  F  were  taken  from  figure  10  for  Poisson's  ratio 
equals  one-half.  Broken  lines  on  figure  19  represent 
values  of  F  which  were  interpolated  between  values  on 
the  axis  and  values  at  the  surface. 

As  an  example  of  the  use  of  figure  19,  take  j»=8,000 
pounds  per  square  foot,  r=8  inches,  w=100  pounds  per 
cubic  foot,  and  0=10°.  Then,  to  determine  the  re- 
quired c  at  a  depth  of  16  inches,  enter  the  chart  at 
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BROKEN    LINE   IS  FOR  EXAMPLE  :-  TO  SOLVE  FOR  C 
METHOD  I  -FOR    b/H  =  2.7  AND  5  =  2:1,  5„  =3:1   AND  FOR  Wf  =130  LB.  PER  CU.  FT.,   lur/So  =  4  3;  FOR  ?=5°  AND  H'„  =  50  LB.  PER  CU  FT., 
lfu.TAN  ^=  5>   THEN   FOR  jf    (=43-5)  =38  AND  y?  =  20FT,    f=380  LB.  PER  SQ.FT. 

method  ii-  take  ^0  =.?,  that  is  use  s0  =2:1  in  the  above  example. 

Figure  16. — Critical  Slope  of  Fill  on  Soft  Layer. 


zjr=  16/8  =  2,  go  over  to  the  curve  marked  <£=10° 
and  up  to  ^=0.11.  Substitute  in  equation  21  and 
obtain  c  =  8,000X0.1 1-100X16X0.015  =  880-24  =  856 

pounds  per  square  foot.      -  '  is  used  to  change  z 

from  inches  to  feet. 
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BROKEN   LINE  IS  FOR  EXAMPLE  ■- 
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Figure   18. —  Greatest  Shear  Stress   Under  Long   Fill. 
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{Continued  from  page  146) 
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Figure  5.— Percentage  of  All  Rural  Dwellings  Within 
Various  Travel  Distances  of  Surfaced  Roads  in  Each 
of  10  States. 

The  percentage  of  all  rural  dwellings  within  1  mile  of  a 
surfaced  road  ranged  from  94.9  percent  in  Maryland, 
down  to  42.2  percent  in  North  Dakota. 

Table  9  and  figure  6  show,  for  the  same  10  States, 
the  percentage  of  all  rural  dwellings  within  various 
travel  distances  of  either  a  surfaced  road  or  a  graded 
and  drained  road  or,  in  other  words,  of  an  improved 
road.  In  these  States,  80.9  percent  of  the  rural  dwell- 
ings were  within  1  mile  of  an  improved  road.  In 
Maryland,  99.1  percent  of  the  rural  dwellings  were 
within  1  mile  of  an  improved  road  and  all  of  them  were 
within  2  miles  of  an  improved  road.  In  Texas,  on  the 
other  hand,  the  percentages  of  the  rural  dwellings 
within  1  mile  and  within  2  miles  of  improved  roads 
were  62.0  percent  and  73.9  percent,  respectively.  In 
all  of  the  States  for  which  the  information  was  obtained, 
only  a  very  small  percentage  of  the  rural  residents  need 
travel  more  than  1  or  2  miles  from  their  homes  to  reach 
an  improved  road. 

Table  8. — Percentage  of  all  rural  dwellings  within  various  travel 
distances  of  surfaced  roads,  in  each  of  10  States 


State 

Within 
1  mile 

Within 
2  miles 

Within 
3  miles 

Within 
4  miles 

Within 
5  miles 

Arizona 

Florida . 

77.1 
72.6 
81.1 
94.9 
70.7 

54.0 
42.2 
57.8 
54.6 
85.7 

80.4 
80.5 
87.3 
98.9 

85.4 

74.2 
64.3 

75.0 
06.6 
89.9 

82.1 
85.6 
90.2 
99.7 
92.7 

83.4 
77.7 
81.4 
75.  0 
92.  1 

83.1 
89.1 
92.3 
99.9 
96.6 

88.5 
85.3 
84.9 
81.2 
93.3 

84.2 
91.  4 

Idaho 

93.8 

Maryland 

Missouri 

Nebraska.. 

North  Dakota ... 

100.0 
98.4 

91.5 
90  1 

South  Dakota 

87.0 

Texas..   

Utah 

85.8 
94.4 

Average 

65.0 

77.5 

84.4 

NS,  7 

91.5 

In  this  report,  all  of  the  rural  roads  within  a  State 
have  been  considered  as  constituting  a  single  system  of 
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Figure  6. — Percentage  of  All  Rural  Dwellings  Within 
Various  Travel  Distances  of  Improved  Roads  in  Each 
of  10  States. 

roads.  This  is  the  concept  of  the  average  motorist 
since  he  generally  does  not  know  or  care  what  adminis- 
trative system  or  systems  of  roads  he  travels  over  in 
driving  from  one  place  to  another.  To  those  charged 
with  the  responsibility  of  financing,  building,  and  main- 
taining roads,  however,  distinction  between  adminis- 
trative systems  is  of  the  utmost  importance.  In  nearly 
all  States  one  group  of  public  officials  is  responsible  for 
State  roads  and  other  groups  for  county  roads  or 
township  roads.  The  Federal  Government  has  as- 
sumed responsibUities  with  respect  to  the  7  percent 
Federal-aid  system,  the  10  percent  Federal-aid  second- 
ary system,  and  several  systems  or  groups  of  roads 
serving  national  reservations,  such  as  national  forest 
highways,  national  forest  development  roads,  national 
park  roads,  Indian  roads,  roads  through  public 
lands,  and  recently,  roads  of  major  importance  from 
the  standpoint  of  national  defense.  The  sources  and 
amounts  of  funds  made  available  for  each  administra- 
tive system  are  responsibilities  of  legislative  bodies. 
The  segregation  of  road  mileages  into  administrative 
systems  is  complicated  because  of  overlapping  juris- 

Table  9. — Percentage  of  all  rural  dwellings  within  various  travel 
distances  of  improved  roads,  in  each  of  10  States  ' 


State 

Within 
1  mile 

Within 
2  miles 

Within 
3  miles 

Within 
4  miles 

Within 
5  miles 

Arizona 

86.7 
99.1 
89.1 
99.1 
96.9 

66.9 
72.8 
94.3 
62.0 
94.3 

89.5 
99.6 
92.8 
100.0 
99.1 

83.9 
87.9 
97.8 
73.9 
96.3 

90.9 
99.7 
94.5 
100.0 
99.6 

90.6 
93.8 
98.8 
81.9 
97.2 

91.8 
99.8 
95.5 
100.0 
99  8 

93.8 
96.4 
99.2 
87.5 
97.6 

92.4 
99.8 

96.3 

Maryland 

100.0 
99.9 

Nebraska 

North  Dakota 

95.5 
97.8 

South  Dakota. 

99.4 

Texas .. 

91.3 

Utah    

98.0 

Average... 

80.9 

88.2 

92.1 

94.5 

96.1 

■  Improved  roads  include  graded  and  drained  roads  and  surfaced  roads. 
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dictions.  Also,  significant  comparisons  of  systems  be- 
tween States  are  difficult  because  of  differences  in  the 
extent  of  the  responsibilities  of  different  jurisdictions. 
For  example,  in  several  States  the  State  government 
assumes  responsibility  for  all  rural  public  roads,  in 
others  the  responsibility  is  divided  between  the  State 
and  the  counties,  and  in  still  others  it  is  divided  between 
the  State,  counties,  and  townships. 

A  complete  and  detailed  analysis  of  roads  by  adminis- 
trative system  is  being  made  in  each  State.     For  the 


reasons  cited,  such  an  analysis  does  not  lend  itself  well  to 
presentation  on  a  national  basis.  Significant  nation- 
wide comparisons  can  be  made,  however,  for  the  7 
percent  Federal-aid  system,  for  a  group  of  the  most 
important  roads  in  each  State  designated  as  State  high- 
ways in  some  and  as  primary  State  highways  in  others, 
and  for  all  other  rural  roads  regardless  of  jurisdiction 
which  are  mainly  local  roads  in  the  sense  that  interest 
in  them  is  not  State-wide.  Such  comparisons  will  be 
made  in  a  subsequent  article. 


REGULAR  FEDERAL-AID  FUNDS  AUTHORIZED  FOR  1942  AND  1943 


The  Federal  Highway  Act  of  1940,  which  authorizes 
regular  Federal-aid  funds  for  highways,  secondary  or 
feeder  roads,  and  grade  crossings  for  the  fiscal  years 
1942  and  1943,  was  approved  on  September  5,  1940. 
The  act  is  in  conformity  with  the  congressional  policy  cf 
authorizing  in  advance  of  the  period  for  which  they  are 
available  the  Federal-aid  funds  for  2  years,  enabling 
the  various  State  legislatures,  many  of  which  meet 
biennially,  to  plan  their  highway  budgets  with  fore- 
knowledge of  their  approximate  Federal-aid  apportion- 
ments. Federal  funds  for  other  classes  of  road  work  are 
also  provided  by  the  act,  the  amounts  provided  for  each 
fiscal  year  being  as  follows: 


Item 


Federal-aid  system 

Secondary  or  feeder  roads 

Elimination  of  hazards  at  grade  crossings 

National  forest  highways 

National  forest  development  roads 

National  park  roads 

Parkways 

Public  land  roads 

Indian  roads 


Amount  for 

each   fiscal 

year 


$100,  000,  000 

17,  500,  000 

20,  000,  000 

7,  000,  000 

3,  000,  000 

4,  000,  000 
7,  500,  000 
1,  500,  000 
3,  000,  000 


As  in  previous  years,  the  Federal-aid  highway  and 
secondary  road  funds  must  be  matched  with  State 
funds,  and  the  grade  crossing  funds  are  outright  grants 
to  the  States.  Funds  for  these  three  classes  of  work 
for  the  fiscal  year  1942  are  required  by  law  to  be 
apportioned  to  the  States,  the  District  of  Columbia, 
Hawaii,  and  Puerto  Rico,  by  the  Federal  Works 
Administrator  before  next  January   1.     Formulas  for 


apportioning    the    funds    among    the    States    remain 
unchanged. 

Section  12  of  the  act  specifically  authorizes  the 
Reconstruction  Finance  Corporation  "to  cooperate  with 
States  to  finance,  or  to  aid  in  financing,  the  acquisition 
of  real  property  or  interests  in  property  *  * 
necessary  or  desirable  for  road  projects  eligible  for 
Federal  aid  under  the  Federal  Highway  Act  *  *  *." 
This  provision  will  enable  the  long-term  financing  of 
highway  rights-of-way  through  cities,  thereby  facilitat- 
ing the  early  completion  of  necessary  improvements 
that  heretofore  have  not  been  undertaken  because  of 
the  lack  of  sufficient  current  funds  to  pay  both  right-of- 
way  and  construction  costs.  High  right-of-way  costs, 
in  many  cases  amounting  to  several  times  the  actual 
construction  costs,  have  retarded  improvements  to 
main  routes  through  cities  needed  to  eliminate  traffic 
congestion  and  attendant  danger  and  delay. 

Section  19  of  the  act  provides  that:  "In  approving 
Federal-aid  highway  projects  to  be  carried  out  with 
any  unobligated  funds  apportioned  to  any  State,  the 
Commissioner  of  Public  Roads  may  give  priority  of 
approval  to,  and  expedite  the  construction  of,  projects 
that  are  recommended  by  the  appropriate  Federal 
defense  agency  as  important  to  the  national  defense." 

Under  this  provision  of  the  law  it  should  be  possible 
to  make  an  immediate  beginning  on  the  strategic  high- 
way program.  A  system  of  75,000  miles  of  main  high- 
ways has  been  selected  by  military  and  naval  authorities 
as  highly  important  for  definite  strategic  reasons. 
Many  sections  of  the  system  are  already  in  satisfactory 
condition  but  there  are  also  numerous  substandard 
sections.  Replacing  weak  bridges  and  widening  and 
strengthening  road  surfaces  and  shoulders  will  be 
important  parts  of  the  work.  The  program  is  aimed  at 
the  elimination  of  critical  weaknesses  and  restrictions 
on  main  highways. 
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THE  SETTLEMENT  OF  EARTH 
EMBANKMENTS 

BY  THE  DIVISION  OF  TESTS,  PUBLIC  ROADS  ADMINISTATION 

Reported  by  L.  A.  PALMER,  Associate  Research  Specialist,  and  E.  S.  BARBER,  Junior  Highway  Engineer 


ONE  of  the  most  important  considerations  in  the 
design  of  highway  embankments  is  the  amount  of 
settlement  that  may  be  expected.  Methods  of 
estimating  settlement  caused  by  soil  consolidation  due 
solely  to  loss  of  water  from  compressible  foundation 
soils  have  already  been  described.1  The  present  report 
is  chiefly  concerned  with  settlement  resulting  from 
lateral  displacement  of  soil,  designated  as  SL,  as  dis- 
tinguished from  settlement  caused  by  consolidation, 
designated  as  Sc. 

The  question  of  ultimate  supporting  power  has  been 
considered  at  length  in  three  previous  publications  2  3  4 
and  the  analyses  are  made  with  reference  to  ultimate 
fill  loads  that  will  cause  the  supporting  earth  to  fail 
completely,  that  is,  deform  without  any  definite  limit. 
Obviously,  however,  more  information  is  required  for 
the  satisfactory  design  of  embankments. 

For  example,  it  is  entirely  possible  for  a  high  fill  to 
subside  several  feet  due  to  displacement  in  the  support- 
ing soil  but  without  the  occurrence  of  failure  in  that 
supporting  soil.  Assumption  in  the  design  that  a  large 
factor  of  safety  against  ultimate  failure  will  assure  one 
that  displacement  by  lateral  yield  will  be  a  small 
quantity  may  not  accomplish  the  desired  result. 
Hogentogler  and  Allen  5  have  pointed  out  the  fallacy 
of  such  an  assumption  and  have  proposed  the  use  of 
values,  c'  and  <$>' ,  which  are  certain  percentages  of  the 
unit  cohesion  c,  and  the  angle  of  internal  friction  <£, 
respectively,  which  appear  in  formulas  for  computing 
the  supporting  power  of  the  earth  below  the  fill.  This 
procedure  is  based  on  the  use  of  the  complete  shearing 
stress-deformation  relation  instead  of  ultimate  values. 

PLASTIC  YIELD  ASSUMED  INSTEAD  OF  ELASTIC  DEFORMATION 

In  continuation  of  this  study,  it  is  proposed  to  make 
use  of  a  principle  presented  by  A.  Nadai 6  called  the 
"stationary  flow  of  a  plastic  mass."  This  principle 
leads  to  the  development  and  use  of  formulas  that  are 
similar  to  the  expressions  for  Hooke's  law  for  elastic 
bodies  but  which  differ  from  Hooke's  law  in  that  plastic 
yield  is  assumed  in  the  place  of  elastic  deformation. 

The  basic  principle  involved  in  this  report  is  a 
simple  one  and  is  that  a  certain  earth  movement,  too 
small  to  be  comparable  to  displacements  characteristic 
of  failure  of  the  earth  itself,  may  ruin  a  structure. 
More  specifically,  the  fill  load  may  be  much  too  small 


\. 


1  The  Theory  of  Soil  Consolidation  and  Testing  of  Foundation  Soils,  by  L. 
Palmer  and  E.  S.  Barber.    PUBLIC  ROADS,  vol.  18,  No.  1,  March  1937. 

3  Principles  of  Soil  Mechanics  Involved  in  Fill  Construction,  by  L.  A.  Palmer  and 
E.  S.  Barber.  Proceedings  of  the  Highway  Research  Board,  Seventeenth  Annual 
Meeting,  Dec.  1937. 

3  Principles  of  Soil  Mechanics  Involved  in  the  Design  of  Retaining  Walls  and 
Bridge  Abutments,  by  L.  A.  Palmer,  PUBLIC  ROADS,  vol.  19,  No.  10,  Dec.  1938. 

«  Design  of  a  Fill  Supported  by  Clay  Underlaid  by  Rock,  L.  A.  Palmer.  PUBLIC 
ROADS,  vol.  20.  No.  8.  Oct.  1939. 

5  Important  Considerations  in  Soil  Mechanics,  by  C.  A.  Hogentogler  and  Harold 
Allen,  Bulletin.  American  Society  for  Testing  Materials,  No.  94.  Oct.,  1938. 

6  Plasticity  (chapter  14,  pp.  75  to  79,  incl.),  A.  Nadai.  Engineering  Societies 
Monographs,  McGraw-Hill  Book  Company,  Inc.,  first  edition,  1931. 
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to  cause  failure  of  the  supporting  earth,  yet  it  may  be 
large  enough  to  be  disastrous  to  the  highway.  In  brief, 
it  is  necessary  to  estimate  SL.  For  this  purpose  two 
things  are  needed:  A  ratio  of  stress  to  deformation, 
herein  designated  as  C,  the  modulus  of  deformation, 
which  has  no  reference  to  the  nature  of  the  deformation, 
whether  it  be  elastic  or  plastic  deformation  or  both; 
and  a  value  of  Poisson's  ratio,  /*. 

Experimental  work  has  indicated  that  the  value  of  n 
for  compressible  types  of  soil  may  vary  from  0.35  for 
soils  containing  much  air  to  0.50  for  soils  that  are  sat- 
urated with  water. 

For  the  cases  in  which  /x  is  less  than  ]/>,  it  is  very 
likely  that  the  small  soil  samples  undergo  some  degree 
of  volume  diminution  owing  to  the  escape  of  air  or 
water  during  the  stabilometer  test.  It  cannot,  however, 
be  concluded  that  the  same  volume  change  occurring  in 
such  tests  can  take  place  as  readily  and  quickly  in 
large  earth  masses.  Therefore,  it  has  been  customary 
to  take  ju  as  %  in  computing  SL  in  large  earth  masses 
even  though  the  laboratory  value  of  fx  is  not  this 
quantity,  and  this  value  of  n  is  used  in  computing  SL 
in  this  report. 

Figure  1  illustrates  the  essential  features  of  the  labo- 
ratory stabilometer  used  in  the  study  of  stresses  within 
a  cylindrical  soil  sample.  The  stabilometer  is  often 
referred  to  as  the  "triaxial  shear  test  device."  Several 
types  of  this  device  and  the  principles  governing  their 
use  have  been  described  by  Hogentogler  and  Barber.7 

In  stabilometer  tests,  cylindrical  soil  samples,  encased 
in  rubber  sleeves,  are  compressed  to  complete  failure  by 
the  application  of  vertical  load.  During  the  loading 
there  may  be  no  lateral  pressure  on  the  specimen  (a 
simple  compression  test  in  this  case)  or  a  variable  or  a 
constant  lateral  pressure  may  be  applied  from  start  to 
finish  of  the  test.  The  test  may  be  made  with  or 
without  porous  stones  at  the  flat  ends  of  the  cylindrical 
samples. 

The  vertical  load  is  applied  through  the  plunger  by 
means  of  a  hydraulic  testing  machine.  At  the  beginning 
of  a  test,  the  head  of  the  machine  is  lowered  until  con- 
tact is  made  with  the  plunger,  as  shown  in  the  cover 
illustration,  and  the  platen  and  head  of  the  machine 
remain  fixed  in  position  until  loading  is  begun.  A 
definite  fluid  pressure  is  then  applied  to  the  sample, 
figure  1,  through  the  inlet  valve.  Since  the  machine  is 
fixed  in  position  the  lateral  fluid  pressure  tends  to  push 
a  saturated  sample  upward  against  the  plunger  with  a 
variable  force  depending  on  the  mobility  of  the  sample. 
For  a  saturated  soft  soil,  the  vertical  and  lateral  pres- 
sures may  become  equal  under  these  initial  conditions. 
When  the  sample  contains  much  air  the  fluid  pressure 
tends  to  compress  the  air  or  cause  its  escape  thus  short- 
ening the  sample  without  increasing  its  diameter. 

7  Essential   Features  of  Triaxial  Shear  Tests,  by  C.   A.   Hogentogler  and   E.  S. 
Barber.    PUBLIC  ROADS,  vol.  20,  No.  7,  Sept..  1939. 
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Figure  1. — Stabilometer  of  the  Pluxger  Type. 

Vertical  load  is  then  increased  by  elevating  the  platen 
at  a  constant  rate  of  0.05  inch  per  minute.  An  auto- 
matic recording  device  give-  the  complete  vertical  load 
versus  change  in  height  curve  for  the  entire  test.  Any 
change  from  the  initial  height,  h.  is  designated  as  A  A. 

For  the  plotted  data  shown  in  this  paper,  the  soil 
cylinders  were  1.95  inches  in  diameter  and  the  height, 
//.  was  4  inches.  Porous stoneSj  sometimes  placed  at  the 
two  flat  ends  of  the  sample,  were  not  used  in  these  t<  sts 

MODULUS    C    DETERMINABLE    FROM    STABILOMETER    TEST    DATA 

During  a  quick  stabilometer  test,  a  relatively  im- 
permeable and  saturated  soil  undi  _  -  deformation 
without  appreciable  volume  change.  If,  however,  the 
soil  contains  ah,  loading  tend-  to  compress  the  ah. 
according  to  Boyle's  law.  with  consequent  reduction- 
of  volume  and  height  of  the  sample. 

The  known  decrease  in  height  due  either  to  com- 
-ion  of  air  or  it-  escape  is  not  considered  as  defor- 
mation in  computing  the  modulus  of  deformation.  '  . 
In  computing  this  modulus,  it  is  assumed  that  the  soil 
deforms  at  constant  volume  in  which  case  m-  Poisson's 
ratio,  is 

Reference  is  made  to  figure  2.  which  illustrates  three 
distinctly  different    typi  1   behavior  dining   the 
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Figure    2. — Stress-Strain     Curves    From    Triaxial    Com- 
pression Te-  - 

early  period  of  loading  in  the  stabilometer  or  triaxial 
compression  device.  In  figure  2 -A.  with  a  lateral  pres- 
sure of  6,000  pounds  per  square  foot,  the  developed 
vertical  pressure  with  the  machine  in  fixed  position 
was  also  0,000  pounds  per  square  foot.  The  point, 
£  =  r=6,000   therefore   falls   on   the   axis  of   c.    vertical 

pressure,   which  is  the   axis  of  zero  -r—     Figure  2-B 

illustrates  another  type  of  behavior.  Here  the  devel- 
oped v  with  the  machine  in  fixed  position  was  5,600 
pounds  per  square  foot  with  /.  the  lateral  pressure, 
equal  to  6,000.     The  point  A  for  /  =  y=6,000  is  not  on 

the  t^  =  0  axis  but  corresponds  to  a  value  of  0.0004  for 

-j—  Figure  2-C  illustrates  still  another  type  of  be- 
havior. Here  the  developed  c  with  the  machine  in 
fixed  position  was  5.200  for  /  =  6,000  and  under  this 
system  of  initial  stresses,  the  height  h  decreased  until 


Then    as    load    was 


the    value  of  -j-  became   0.0075. 

applied    and    r    was    increased,    the    sample    began    to 

deform.  At  the  point  A  for  '=/=6,000,  -=—  is  seen  to 
be  0.0089.  tl 

Figure  2-A  is  characteristic  of  a  relatively  soft 
-aturated  soil  of  low  permeability;  figure  2  B  is  char- 
acteristic of  a  relatively  stiff  saturated  soil  of  low  per- 
meability; and  figure  2-C  is  characteristic  of  a  stiff  soil 
that  contains  an  appreciable  volume  of  air. 

The  horizontal  distance  from  the  point  A.  where  l=m 

to  the  -=-=0  axis  is  zero  for  curve  A  in  figure  2.  0.0004 
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for  curve  B,  and  0.0089  for  curve  C.  These  variable 
distances  denote  reductions  in  h  due  to  volume  changes 
without  distortion  and  therefore  represent  small  con- 
solidations of  the  sample  that  are  usually  unavoidable, 
appear  in  their  entirety,  and  are  completely  accounted 
for  in  consolidation  tests.  Thus  the  horizontal  dis- 
Ah 


tances  from  A  to  the 


I, 


0  axis  properly  fall  in  the 

Ah 


category  of  Sc  settlement.     The  change  in  -r-  beyond 

the  point  A  is  indicative  of  distortion  without  volume 

change  (SL  settlement). 

The  modulus  of  deformation,  C,  is  taken  as  a  secant 

modulus  in  this  paper  and  is  the  slope  of  the  secant  line 

drawn  from  the  initial  point  A,  figure  2,  where  l=v,  to 

another  point  B,  determinable  from  the  conditions  of 

the   particular   problem.     Since   there   are   an   infinite 

number  of  points  beyond  A,  there  may  be  an  infinite 

number  of  secant  lines  and  of  moduli  C.     There  is  but 

one  secant  line,  however,  for  a  specific  problem  fixing 

the  point  B.     Thus  the  nature  of  the  problem  may  be 

such  that  the  value  of  v—l  at  the  point  B  is  2,000 

pounds  per  square  foot.     This  is  illustrated  in  figure  2. 

If  Z=6,000  and  v-l=2,000,  then  i'  =  8,000,  the  ordinate 

value  of  the   point  B,  figure  3.     In    figure   2-A,    the 

,  P     ATj    ■    8,000-6,000      10rnnn  , 

slope    ol    AB    is      nmA — k—  =125,000    pounds     per 


square  foot=C. 
8,000-6,000 


0.016-0 
In  figure  2-B,    the   slope   of   AB    is 

465,000  pounds  per  square  foot   —C. 
0.004/ —0.0004  1  ' 

t      «  o  r,     +i        i  f    »t,    ■         8,000-6,000 

In   figure   2-C,   the  slope  ol   AB  is  nVrrzi — n  nnor,= 

0.0161  —  0.0089 

278,000  pounds  per  square  foot^C,  rounding  the  value 

of  C  to  the  nearest  1,000  pounds  per  square  foot. 

For  any  vertical  load  greater  than  that  corresponding 

to  the  initial  point,  A,  figure  2,  it  is  necessary  to  correct 

for  the  changed  horizontal  cross-sectional  area  of  the 

deformed  sample  in  computing  v.     This  correction  is 

contained  in  the  following  expression  for  v. 


P  /        Ah\  ,  . 


(1] 


where  P  is  the  net  load,  equal  to  the  load  on  the  plunger 
plus  the  weight  of  the  plunger  minus  the  product  of  the 
lateral  pressure,  /,  and  the  cross-sectional  area,  a,  of 
the  plunger  stem.  A  is  the  initial  cross-sectional  area 
of  the  sample. 

SETTLEMENT   OF  FILL   UNDER  ITS  OWN   WEIGHT   CONSIDERED 

Figure  3  illustrates  a  symmetrical  earth  fill  with 
equal  slopes.  The  Y  direction  is  the  direction  of  the 
length  of  the  fill  which  is  perpendicular  to  the  plane  of 
the  figure.  If  the  fill  is  long  in  comparison  with  its 
width,  displacement  in  the  Y  direction  is  zero.  The 
Z  direction  is  the  vertical  one  and  OZ  (fig.  3)  is  the  axis 
of  symmetry  of  any  vertical  cross  section  that  is  as- 
sumed to  be  of  unit  thickness  in  the  Y  direction.  In 
the  plane  of  the  diagram  (fig.  3)  the  A"  direction  is  hor- 
izontal. The  directions  are  indicated  by  the  coordi- 
nates, X,  Y,  and  Z.  The  origin,  0,  is  at  the  base  of  the 
fill  and  on  the  vertical  axis  of  symmetry.  The  letters 
x,  y,  and  z  denote  both  direction  and  distance  whereas 
X,  Y,  and  Z  denote  direction  only.  The  normal  stresses 
px&nd  pzact  in  the  X  and  Z  directions,  respectively,  and 
their  values  at  any  point  depend  upon  the  coordinates 
x  and  z  of  the  point.  The  shearing  stress,  $zx,  acts  in 
the  A'  direction  and  in  a  plane  to  which  the  Z  direction 


Figure  3. — Diagram  of  Symmetrical  Earth  Fill. 

is  perpendicular.  The  shearing  stress,  sxz,  acts  in  the 
Z  direction  and  in  a  plane  to  which  the  .V  direction  is 
perpendicular.  For  a  condition  of  equilibrium,  sxz  =  szx. 
The  fill  problem,  figure  3,  involves  two  dimensions, 
that  is,  only  soil  movements  in  the  A'  ami  Z  directions 
are  of  concern.  The  letter  V  designates  the  displace- 
ment of  a  particle  at  a  point  (x,  z)  in  the  Z  direction  and 
U  designates  the  displacement  of  the  particle  at  the 
same  point  in  the  X  direction.     The  rate  of  change  of  V 

with  respect  to  z,  when  x  is  constant,  is  -=—  and  denotes 

oz 

the  strain  in  the  Z  direction.     The  rate  of  change  of  U 

with  respect  to  x,  at  constant  z,  is  -=—  >  the  strain  in  the 

X  direction.  The  strain  in  the  Y  direction  is  zero. 
The  problem  is  one  of  plane  strain  or  deformation. 
From  Hookc's  law  and  Nadai's  principle, 


dV     lr 


1 


strain  in  1'  direction  =  0  =  ^,  [py  —  m(/?x+7^)] 


(2) 

(3) 


and 


bU     1  . 


(■ 


•M(p,+2>,)] (4) 


dx 

Nadai  refers  to  G  as  a  "constant"  rather  than  a 
modulus  and,  for  a  material  that  undergoes  distortion 
without  change  in  volume,  takes  p  as  1/2. 

Then,  according  to  Nadai's  principle,  applicable  to 
How  in  a  plastic  mass,  equation  2  would  become 

57=efr.-l/2(p,+2>,)] (5) 

Consider  the  column  of  earth,  00'  on  the  vertical 
axis  of  symmetry  in  figure  3.  For  the  present,  con- 
sider the  origin  as  moved  from  0  to  0'.  Any  vertical 
distance,  z,  is  then  considered  as  directed  downward 
from  the  roadway  which  is  the  horizontal  plane  con- 
taining 0'.  Let  w  denote  the  weight  per  cubic  foot  of 
fill  material  assumed  to  be  homogeneous.  Then  at 
any  depth  z  in  the  column  O'O,  pz—wz  and  px  =  K'wz 
where  K'  is  the  ratio  of  lateral  to  vertical  pressure  at 
the  depth  z.     From  equation  3 

pl/  =  n(px+pz)  =  ij.(K'wz+wz) 

Substituting  this  value  for  py  in  equation  2 

d£         CI 


^    wz—  n(K'ivzJr  idK'wz-!r  f*v\:) 
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dV_wz 


[i-mA'-mW  +  1)]  -(6) 

Integrating  equation  6,  assuming  K'  constant, 

) 


T^l^l-M/v'-zrW  +  l.)]  +/(*)_.       --(7 

On  the  axis  of  symmetry,  /(./■),  a  function  of  ./•  alone, 
becomes  a  constant,  Ku  and  for  points  on  this  axis, 


2C  L 


1-m/i'-m2(/v'  +  1)     +^i 


] 


(8) 


If  it  is  assumed  that  17=0  at  z  =  H,  a  condition  which 
will  exist  if  the  undersoil  is  unyielding  and  there  is 
only  the  settlement  SL  of  the  fill  to  consider,  K{  may 
(hen  be  evaluated  so  that  equation  S  becomes 


w 


V=fC{z2-H2)[\-»K'-y:HK'  +  l)l 


(9) 


and  for  /j=  1/2, 


F=^(l-A")(.r-H2). 


(10) 


Here  V  denotes  the  downward  displacement  of  a  soil 
particle  on  the  axis  of  symmetry  and  at  any  depth  : 
from  the  roadway.  The  greatest  vertical  displacement 
is  at  2=0  at  0'.     At  this  point, 

V=SL=-^H2(1-K')„  ._(11) 

The  use  of  equation  11  is  limited  by  the  fact  that 
there  is  no  sure  way  of  determining  A''.  Theoretically, 
its  value  is  greater  than  0  and  less  than  1.  If  K'  =  0 
is  taken,  then  SL  is  a  maximum  value  and  on  the  side 
of  safety. 

SETTLEMENT  S;.  OF  THE  UNDERSOIL  DETERMINED 

The  origin  is  now  taken  at  the  point  0,  figure  3.  The 
angles,  a,  and  a2  of  figure  3  are  expressed  in  radians  and 
from  the  diagram  it  is  evident  thai 


2a,  +  a2  =  2  arc  cot 


and 


a  +  b 


ai=arc  cot 


— rx—  arc  cot  {• 
a-\-b  b 


It  has  been  shown  2  that  on  the  axis  of  symmetry,  ()Z, 
p2=Pj2ai  +  a2+^aiy.  .(12) 


and 


;,  J(2„,  +  „!+fV-f  Log,§) (13) 

where  px  and  p2  are  normal  stresses  (at  any  depth  ,: 
on  OZ)  due  solely  to  the  fill  load. 

From  equation  3,  p„=m(7>t  +  7>z)  and  substituting  this 
value  for  py  in  equation  2, 


57 = Jpz — M  (Px  +  V-ih  +  W*)  ]  - 


(14) 


By  substituting  equations  12  and  13  in  14  one  obtains 


1  See  footnote  2,  i>.  161. 


|^=^[(1-m-2m2)(2  arc  cot 


z     .2b  z 

— j— H arc  cot  — j-? 

a-\-b      a  a-\-b 


2b 


lb  *  Z\l     mi     ^42l        V(a  +  6)2  +  22l/1rN 

a  arC  C0t  b)+^1  +  ^  l0^  V      62+z2     J  (     } 

It  must  be  remembered  that  on  integrating  equation 
15,  it  is  desired  to  know  V  on  the  axis  of  symmetry 
and  hence,  j=0.  The  last  term  of  equation  15  is  the 
only  one  giving  difficulty  in  integration.  This  may  be 
integrated  by  parts  and  by  the  transformation, 

z=(a+b)  tan  0 

where  0  is  the  angle  shown  in  figure  3. 

The  vertical  displacement,  V,  of  a  soil  particle  at  the 
point  0,  figure  3,  and  SL,  are  identical  in  magnitude.  In 
general,  however,  V  refers  to  the  vertical  displacement 
of  a  particle  at  any  point  and  not  just  at  0.  Hence,  it 
is  a  special  value  of  V,  namely  its  value  at  0,  the  sum  of 
all  the  strains  from  0  to  a  given  depth  z,  that  is  equal  to 

&•       .  . 

By,  integration  of  equation  15  between  the  limits,  0 

and  z,  one  obtains 


[» 


-(1 


Fat0  =  ^j(l-,-2,2)(2+^) 
V)(f)[2arccot|+|loge(l+?;)] 


arc  cot 


4M( 


i±m)[V 

a        I   2 


los 


Jz2+_(a+by 
Vz2  +  b* 


SL  denotes  the  diminution  in  thickness  of  a  given  depth 
of  undersoil  due  to  lateral  displacement,  and 
for  ju  =  l/2  equation  16  reduces  to 


SL=  V  at  0 


~ttC<i\_2 


lot 


V^  +  ^+fe)1 


Jz2  +  b2 


(o+ftf        ^z>+(a+b)2_V        ^±bn  (17) 

+      2       10&e         a  +  b  2     Se       b      J  '"  K     } 

It  is  convenient  to  obtain  solutions  of  equations  12 
and    16    by    graphical    methods.     With    reference    to 

figure  3,  let  B=b-\-^-  Then  for  «  =  0,  the  trapezoidal 
load  becomes  a  uniform  strip  load  and  »— 1-     For  b  =  0, 

the  load  diagram  becomes  triangular  and-s=0.  All  of 
the  possible  symmetrical  trapezoidal  load  diagrams  are 
then  contained  within  the  limiting  eases,  -n—0  and 
»— 1.     Now  write  for  equation  12, 

Pz=PJ 


where /=-(  2a1  +  a2H. a}  )■ 
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FACTOR  FOR  VERTICAL    PRESSURE  ON  CENTER  LINE,  f 
0  3  0-4  0  5  0.6  07  0-8  05  10 


Figure   4. — Graph   of   Vertical   Pressure   on    Centerline 
Under  a  Symmetrical  Fill. 

The  value  of  /  depends  on  the  depth  z  of  any  point 

on  the  centerline  and  on  the  distances,  a  and  b  (fig.  3). 

The  curves  in  figure  4  are  obtained  by  plotting  values 

FACTOR  FOR  SETTLE 
0  1        0.2       0.3       0-4       0.5       0.6       0.7       OS       0.9        1.0        I.I         1.2        1.3       1.4 


of  /  against   the  "depth  ratio,"  ,V     The  five  curves  of 

this  figure  are  for  the  ratios  of  -n  equal  to  0,  0.1,  0.3,  0.5, 

and  1.0.     For  ratios  that  are  intermediate,  a  value  for 

z 
/corresponding  to  a  given  -^ ratio  maybe  obtained  by 

interpolation.  For  depths  such  that  -yr  exceeds  6.0,  the 
value  for /  is  taken  from  the  formula  for-„=0,  regard- 
less of  what  the  actual  value  of  ,5  may  be  since  there  is 
practically  complete  coincidence  of  all  the  curves  at 
J=6.0. 

In  fills  having  the  same  B  and  the  same  height,  H, 
the  vertical  cross-sectional  area  is  the  same.  Hence, 
it  is  convenient  to  use  the  value  5  as  a  basis  for  con- 
structing charts  such  as  figure  4  for  use  in  computations. 

Equation  16  may  be  written 


&-§(»+!>-#■--        -a<o 


where 


f=  ,(i-W(i~M>[(2~6/i*)2  logf  V1 

)2J 


iz\BY 


(2-b/B)' 


■  (b/B)2  log,  yjl 


{zlBf 


(b/B) 


[ 


■MWft'loB.  Jf 


(2  —  b/B)  arc  cot  k 


(z/B)2+(b/By 
IB 


+  (l-2p)z/B 


-b/B     (b/B)^ccotmj\ 


POISSON'S  RATIO,/*      I 0.5 1  0.45 

Figure  5. — Graph  of  Settlement  on  Centerline  Under  a   Symmetrical  Fill. 
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Figure  6. — Symmetrical  Fill  Supported  by  Clay. 

The  value  of  Fin  equation  18  depends  on  /x,  Poisson's 
ratio.    The  curves  of  figure  5  were  constructed  for  values 

of  fi  varying  from  0  to  Y2  by  plotting  values  of  -r  against 

F  for  different  values  of  j\-     A  numerical  example  will 
be  given  illustrating  the  use  of  the  chart,  figure  5. 

COMPUTATION  OF  Si  ILLUSTRATED 

Consider  the  fill,  figure  6,  of  height,  11=17  feet,  with 
a  1%  to  1  slope  and  supported  by  a  clay  stratum  100 
feet  thick  which  is  underlaid  by  sand  and  gravel.  The 
supporting  soil  and  fill  material  have  different  proper- 
ties. The  average  weight  per  cubic  foot  of  the  com- 
pacted fill  material  is  u>=126  pounds.  The  width  of  the 
roadway  is  46  feet  so  that  b  (fig.  3)  is  23  feet,  The  dis- 
tance, a,  is  1^X37  =  55.5  feet.     The  value  of  B=b+^= 


23  + 


55.5 


=  50.8   feet    and 


the   ratio;  j>> 


is 


23 


=  0.453. 


2       ""*"  B        50.8 

The  value  of  p  is  wH=37X  126  =  4,662  pounds  per 
square  foot.    The  thickness  of  the  deformable  clay  layer 

is  100  feet  and  the  depth  ratio;  ^  is  -^r-  =1.97. 

In  previous  publications  2  3  it  has  been  shown  that 
the  greatest  shearing  stress  anywhere  in  the  undersoil 
below  a  symmetrical  fill  is  0.32  p.  This  greatest  shear- 
ing stress  is  located  at  a  distance  equal  approximately 

to  B  below  the  point  0,  figure  3,  and  is  equal  to  ~  (v—l) 

where  v  is  the  vertical  pressure  and  /  the  lateral  pressure 
at  the  point  of  greatest  shearing  stress. 

Then  since  \  (v— Z)  =  0.32  p,  v-l  =  0.04  p  and  theo- 

retically  this  is  the  greatest  v— I  value  that  exists 
anywhere  in  the  supporting  earth  below  the  embank- 
ment, For  p  =  4, 662  pounds  per  square  foot,  the 
greatest  value  of  v—l  is  0.64X4,662  =  2,984  pounds  per 
square  foot,     With  reference  now   to   figure   7   which 

shows  the  v  versus  -y-  characteristics  of  the  undersoil 

for  £=0  and  Z  =  4,180  pounds  per  square  foot,  the  point 
B  is  determined  for  each  curve.  For  v—l= 2,984,  when 
1-0,  w=2,984  and  for  1  =  4,180,  0=2,984  +  4,180  =  7,164 
pounds  per  square  foot,  The  ordinate  values  of  B  are 
then  2,984  for  1  =  0  and  7,164  for  £  =  4,180.     The  value 

of  ^  at  the  initial  point  A  for  1=0  is  -0.0001.     The 

initial  point  A  for  /  =  4,180  is  at  that  point  of  the  upper 
curve  where  v=l=4,180.     For  £=4,180,  the  slope  of 

AB,  upper  curve  of  figure  2,  is  »  !.„_ n'oo^fi"^^'^^ 
pounds  per  square  foot=  C.     For  1=0,  the  slope  of  AB, 


i 3  See  footnotes  2  and  3.  p.  161. 

(Continued  on  page  172) 
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Figure  7. — Triaxial  Test  Data  for  Foundation  Soil. 


HORIZONTAL  FORCES  AND  MOMENTS  ON 
BRIDGE  ABUTMENTS  AND  RETAINING  WALLS 

EFFECT  OF  CONCENTRATED  MOVING  LIVE  LOADS  ON  THE  BACKFILL 

Reported  by  E.  I.  FIESENHEISER,  Assistant  Bridge  Engineer,  District  4,  Public  Roads  Administration 


THE  PURPOSE  of  this  paper  is  to  present  methods 
of  computing  the  overturning  effect  of  live  loads 
by  taking  into  account  the  distribution  of  stresses 
through  the  soil.     The  paper  presents: 

(1)  Exact   equations   for   the   force   and    moment 

based  on  the  theoretical  variation  of  stress. 

(2)  Simplified    approximate  equations  sufficiently 

accurate  for  most  cases. 

(3)  A   determination  of   the   position    of   the   live 

load  for  maximum  moment. 

(4)  Charts  for  use  in  computing. 

In  designing  bridge  abutments  and  retaining  walls 
the  horizontal  pressure  of  the  backfill  material  on  the 
wall  must  be  taken  into  account.  The  amount  of  this 
pressure  and  its  overturning  moment  are  usually 
determined  by  assuming  that  the  pressure  increases 
uniformly  with  the  depth  of  fill.  This  assumption 
results  in  either  a  triangular  or  trapezoidal  pressure 
diagram. 

In  dealing  with  the  problem  of  truck  wheels  or  con- 
centrated live  loads  on  top  of  the  backfill  or  roadway 
it  is  customary  to  assume  an  added  depth  of  fill  or 
surcharge.  The  loads  are  assumed  to  be  distributed 
over  an  area  and  the  depth  of  surcharge  is  taken  as  the 
depth  of  a  volume  of  backfill  material  equal  to  the 
loads  in  weight. 

The  moment  effect  of  the  live  loads  upon  the  wall 
has  been  a  matter  for  conjecture  and  the  method  of 
adding  a  surcharge  has  doubtless  been  used  for  lack  of 
a  better  or  more  precise  method.  However,  recent 
experiment  and  progress  in  the  field  of  soil  mechanics 
have  pointed  the  way  to  a  very  different  solution  of 
this  problem. 

STRESS  DISTRIBUTION   EQUATIONS  DEVELOPED 

When  taking  into  account  the  stress  distribution  in 
the  soil  reference  is  usually  made  to  the  work  of  Joseph 
Boussinesq,  a  noted  elastician,  who  derived  equations 
for  the  stresses  in  the  interior  of  an  elastic  solid.  The 
conditions  assumed  by  Boussinesq  are  a  semi-infinite, 
elastic,  isotropic  solid  bounded  by  a  plane  surface  upon 
which  a  single  concentrated  load  acts  in  a  direction 
perpendicular  to  the  plane  surface.  Published  equa- 
tions,1 give  the  normal  and  shearing  components  of  stress 
in  the  interior  of  the  solid.  However,  these  stress 
components  are  only  those  acting  on  planes  parallel  to 
the  surface  plane. 

Assuming  the  horizontal  surface  of  the  backfill  to  be 
the  boundary  plane  and  keeping  in  mind  that  the  plane 
of  the  wall  or  abutment  is  vertical,  an  expression  is 
needed  for  the  horizontal  component  of  stress  acting 
upon  a  plane  perpendicular  to  the  surface  plane.  Such 
an  expression  in  terms  of  rectangular  coordinates  with 

3P  r.~ 

the  origin  at  the  load  point  is  0-.,=— —  -r^-. — 5- — ktt-,,  for 

v  2w  (z2+?/  +2 

the  stress  in  the  ^-direction,  the  z-axis  being  vertical 
and  the  x-  and  y-axes  horizontal.     This  is  a  simplified 

1  Application  des  Potentieis  a  L'etude  de  L'equilibre  et  du  Mouvement  des  Solides 
Elastiquc,  by  M.  J.  Boussinesq.    Gauthier-Villars.    Paris.    1885.    p.  104. 


expression  derived  by  assuming  the  term  Poisson's  ratio 
equal  to  one-half,  which  is  in  accordance  with  a  fun- 
damental principle  of  soil  mechanics  that  the  soil  par- 
ticles arc  incompressible  or  incapable  of  a  change  in 
volume.  Equations  from  which  it  is  derived  may  be 
found  in  texts  on  the  theory  of  elasticity.2 

Actual  working  conditions  for  which  the  above 
expression  would  be  applicable  would  be  a  soil  of  perfect 
elasticity  with  elastic  properties  the  same  in  all  direc- 
tions (conditions  of  an  isotropic  soil).  Some  soils  may 
very  nearly  approach  these  conditions,  while  others 
may  be  far  from  elastic  and  isotropic.  However,  with 
regard  to  retaining  walls,  experiments  have  indicated 
that  the  shape  of  the  pressure  variation  curve  is  similar 
to  that  obtained  from  the  theoretical  expression  and 
that  the  quantitative  differences  may  be  taken  into 
account  by  the  use  of  empirical  constants  dependent 
upon  the  type  of  soil. 

In  experiments  on  retaining  walls  conducted  at  the 
Iowa  Engineering  Experiment  Station,  Ames,  Iowa,  by 
M.  G.  Spangler  !  the  horizontal  pressure  due  to  con- 
centrated surface  loads  was  measured.  By  transform- 
ing the  theoretical  expression  an  empirical  equation 
was  devised  which  gives  pressure  intensities  correspond- 
ing to  the  measured  intensities.     The  equation  devised 

.    ,       kP  x2z 

1S  lc      xn(x2j-y2  +  z2)^ 

in  which  k  is  a  constant  depending  upon  the  type  of 
soil  and  //  is  a  constant  depending  upon  the  relative 
rigidity  of  the  wall  and  backfill.  Obviously  more 
experimenting  is  needed  with  different  types  of  soil 
before  values  of  these  constants  can  be  determined  for 
all  cases,  since  these  experiments  were  made  with  gravel 
only. 

HORIZONTAL   FORCES   AND   OVERTURNING    MOMENTS   COMPUTED 

In  applying  the  equation  to  the  computation  of 
horizontal  forces  and  overturning  moments  working 
values  of  k  equal  to  1.3  and  //  equal  to  1/4  will  be  used, 
assuming  a  gravel  backfill  and  conditions  similar  to 
those  in  the  experiments  conducted  by  Spangler.  If 
values  for  k  and  n  can  be  determined  for  other  materials 
and  conditions,  such  values  may  be  substituted  in  the 
equations  to  be  derived.  Forces  and  moments  will  be 
directly  proportional  to  the  constant  k  and  inversely 
to  xn,  x  being  the  distance  from  the  load  to  the  wall. 
(See  fig.  1.) 

As  shown  hi  figure  1,  with  the  origin  directly  under 
the  load,  the  coordinates  of  a  point  on  the  wall  are 
x,  y,  and  z,  where 

x= horizontal  distance  from  the  load  to  the  wall. 

//  =  horizontal  distance  from  the  load  parallel  to  the 

wall. 
2  =  vertical  distance  below  the  top  of  the  fill. 

E=^Jx2+y2+z2. 

P=the  concentrated  load. 


2  For  the  solution  in  terras  of  cylindrical  coordinates  see  Theory  of  Elasticity, 
bv  S.  Timoshenko.     McOraw  Hill,  New  York.     1934.    pp.  328-331. 

3  Horizontal  Pressures  on  Retaining  Walls  Due  to  Concentrated  Surface  Loads, 
b     M.  Q.  Spangler.    Iowa  Engineering  Experiment  Station  Bulletin  140.    1938. 
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LINE   A  -  INTERSECTION  OF  SURFACE 
OF  FILL  WITH  PLANE  OF  BACK  FACE  . 

LINE    B  -  LINE  ABOUT  WHICH  MOMENT  IS  TO  BE 
TAKEN. 

NORMAL  FORCE  AT  A  POINT  ON  BACK  FACE  OF  WALL. 

Figure  1. — Diagram  Showing  Retaining  Wall  and  Load  on 
Backfill. 

a=vertical  distance  from  top  of  fill  to  top  of  wall. 
b  =  vertical  distance  from  top  of  fill  to  a  horizontal 

line  where  the  moment  is  desired. 
M=  moment  at  the  line  b  distance  below  top  of  fill. 
H=  total  horizontal  force  acting  on  the  wall  above  the 

line. 
Ac=intensity  of  horizontal  pressure    at  any  point  on 

the  wall. 
To  get  a  clear   picture   of  the  stress    variation   ex- 
pressed by  the  equation,  curves  may  be  plotted  holding 
x  and  y  constant  while  z  varies  (see  fig.  2)  and  holding 
x  and  z  constant  while  y  varies  (see  fig.  3). 

In  dealing  with  a  bridge  abutment  attention  is  called 
to  the  fact  that  the  top  or  surface  of  the  backfill  is  not 
always  at  the  top  of  the  wall.  A  part  of  the  earth 
pressure  may  be  taken  by  the  floor  slab  or  diaphragms 
at  the  end  of  the  bridge  and  transferred  as  a  thrust 
through  the  superstructure.  In  such  a  case  only  the 
horizontal  force  acting  on  the  area  of  the  wall  unit  is 
of  interest.  Accordingly  a  distance  a  from  the  sur- 
face of  the  fill  to  the  top  of  the  wall  is  introduced  to 
take  care  of  this  condition. 

kP  x2z 

Referring  to  figure  2,     hc= 


The  differential  area  of  wall 
kP      x-zdydz 


Xn    (z2  +  y2+22)^ 

dA=dy  dz    and  the  force 


dH=hcdA 


Xn     (x2  +  V/2+22)^ 


Taking  as  —limits  the  distances  b  and  a  and  as  //-limits 
the  distances  F,  and  Y2, 


H=kPx« 


-nv 


zdydz 


+y2+z2)*  — 
Integrating  in  .-.-direction  and  substituting  limits, 
kPxS2 


(1) 


H= 


-{£ ' (a2  +  x2  +  y2) -idy -  £*' (b2  +  x2  +  y2)-Uy 
in    the   //-direction    and 


Integrating   this   expressioi 
substituting  limits, 


H= 


Figure  2. — Stress  Variation,  x  and  y  Constant. 
kPxv2'n) 


3 


1  {_(n2  +  x2)-yld2  +  x 


1 


-rfc 


+  Y2     (b2-\-x2)-y/b2+x2+Y 
1  f 


f] 


+x2)  V«2+x2+  Yl     (b2+x2)  V&2+x2+  Y\ 


t> 


In  deriving  an  equation  for  the  overturning  moment 
the  differential  of  moment  about  a  line  b  distance  below 
the  top  of  fill  is 

iiif_kP  x2z(b  —  z)dydz 
x^  (x2  +  y2+z2)^ 

and  the  total  moment 

kPx-  ('"  r*  z(b-z)dydz 


M 


¥fj 


y,  (x2+y2+z2)^ 


(3) 


Integrating  first  in  the  ^-direction  and  substituting 
the  limits  6  and  a, 


M- 


kPx(2~n)  rY>     i 


f 


(x2+y2) 
b 


fa3  W+fy2 b__  1 

L(a2+x2+//2)3^     {b2+x2+y2)V>]  J 

Integrating  now  in  the  //-direction,  substituting  the 
limits  Y1  and  Y2,  and  simplifying,  the  total  moment 
becomes 


in  which 


/.  p  .(2-n) 
M=K£X [(a3  +  bx2)A  +  b{C_B)]_  _  _  (4) 


A~d\tx~a2\xV"  ~{5) 

B=u <6> 
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Figure  3. — Stress  Variation,  x  and  z  Constant. 


and 

7 


F, 


F, 


a  =  tan 


V«2 + x2  +  Yx2     V«2 + x2  +  F22 
F, 


*[2 


V^+^+lV 


]-tan_1[^TO+w] 


(8) 
(9) 

(10) 


,r      f     i      .  r*      f2     i 

^tan-^-Vfe2+x2+Fi2j-tan-  ^^pq-fqr^J 

Referring  to  equations  8,  9,  and  10  it  should  be  noted 
that  F,  and  F2  are  distances  measured  parallel  to  the 
wall  from  the  load  to  the  ends  of  the  wall.  When  the 
load  is  between  the  ends,  winch  will  ordinarily  be  the 
case,  Fi  will  be  assumed  positive  and  F2  negative. 
The  result  will  be  the  addition  of  the  two  terms 
in  obtaining  the  value  of  the  angles  a  and  </>  and  the 
term  y.  Angles  a  and  4>  are  expressed  in  radians. 
When  computing  these  angles  if  a  conversion  table  is 
not  at  hand  the  angles  may  first  be  found  in  degrees  and 
decimals  of  a  degree  from  tables  of  natural  functions, 
then  multiplied  by  the  constant  0.017453  to  change 
degrees  to  radians. 

For  the  particular  case  when  the  top  of  the  fill 
coincides  with  the  top  of  the  wall  the  term  a  becomes 
zero.  To  obtain  the  moment  the  original  expression, 
equation  3,  may  be  integrated  direct  between  limits 
b  and  0.  An  alternate  method  is  to  substitute  zero  for 
a  in  the  final  equations  4  to  10.  In  the  latter  case 
the  result  will  be  zero  divided  by  zero  for  the  terms 
A  and  C.  These  indeterminate  forms  may  be  evaluated 
in  the  usual  manner  by  differentiating.  Taking  third 
derivatives  of  numerators  and  denominators  the  values 
of  the  fractions  can  be  found.  By  either  method  the 
resulting  equation  will  be: 

For  a=0, 


hpr(2-n) 


(11) 


in  which  the  term 


Z>  = 


F, 


(12) 


V-vV+F!2     .r2Vx2+  F22 "  "■ 
equations  applied  to  bridge  abutment  problem 

Equations  2  and  4  are  expressions  for  the  force  and  its 
overturning  moment  caused  by  a  single  load  P  concen- 
trated at  a  point  and  placed  at  x  distance  from  the  wall. 
If  the  familiar  principle  of  superposition  is  applied 
when  there  are  more  loads  than  one  to  deal  with,  the 
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REAR   WHEELS  OF  TRUCKS 
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Figure  4. — Plan  of  Abutment  Wall,  Showing  Position  of 
Rear  Wheels  of  2  Trucks. 

effects  of  the  loads  may  be  added  together  and  the  total 
moment  will  be  the  sum  of  the  moments  produced  by 
the  individual  loads. 

In  applying  the  above  equations  to  a  bridge  abutment 
a  structure  carrying  two  10-foot  traffic  lanes  is  assumed. 
An  abutment  wall  at  least  30  feet  long  will  ordinarily 
be  required  to  support  the  two-lane  superstructure. 
Such  an  arrangement  of  rear  truck  wheels  as  that 
indicated  in  figure  4  may  be  assumed. 

Using  the  30-foot  wall  as  a  basis  for  computing,  a 
large  number  of  solutions  were  worked  out  for  the 
moment  using  different  values  for  b  and  a.  These 
computations  revealed  the  fact  that  for  relatively  small 
values  of  a  or  x  there  is  not  much  difference  in  the  effect 
produced  by  wheels  ]  and  4  and  that  produced  by 
wheels  2  and  3.  For  example  this  difference  was  found 
to  be  less  than  1  percent  for  the  values  6  =  30  feet  and 
0=0.5  foot.  In  dealing  with  a  wall  of  this  length  or 
greater  it  will  usually  be  sufficiently  accurate  to  compute 
the  moment  for  a  single  load  and  multiply  the  result 
by  the  number  of  loads  to  obtain  the  total  effect. 

It  can  be  seen  that  a  single  computation  of  force 
and  moment  by  the  above  equations  involves  consid- 
erable work.  Fortunately  it  is  possible  to  derive  much 
simpler  equations  which  will  be  sufficiently  accurate 
for  the  average  wall.  In  a  problem  of  this  kind  unneces- 
sary refinements  in  calculation  cannot  be  justified, 
especially  if  values  of  the  soil  constants  cannot  be 
determined  with  great  exactness.  The  accuracy  of  the 
final  result  will  depend  upon  experimental  values  of 
k  and  n.  If  infinite  limits  are  assumed  for  y,  letting 
F]  =  -fco  and  F2=  —  °° ,  the  following  expressions  are 
obtained: 


H= 


■2kP.ri2-" 


3 


L«2  +  .r2     62  +  z2_|  "(13) 


M-- 


2kPxi 


l-*T(b—a 
\_a2+x 


—a)x 

2~~ 


tan 


^-tan-^ 


] 


For  «  =  0,  equation  (14)  becomes 


M= 


2kP.ra~n) 
~3~ 


G-~  3 


-(14) 


.(15) 


It  will  be  found  that  for  a  problem  such  as  that  of 
figure  4  equations  13,  14,  and  15  will  give  results  only 
slightly  greater  than  those  obtained  from  the  exact 
equations  2  and  4  to  10,  particularly  for  relatively  small 
values  of  a  and  x.  For  example,  for  the  values 
6  =  30  feet,  a=0.5  foot,  ./:  =  1.18  feet,  the  moment 
computed  by  equation  14  was  found  to  be  less  than 
1  percent  greater  than  that  computed  by  equations  4 
to  10.     Moments  and  forces  determined  by  the  simpler 
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Figuhe  5. — Curves  Showing  Position  of  Load  for  Maximum 
Moment,  o>0. 

expressions  will  be  on  the  safe  side  and  it  is  believed 
that  their  use  is  justified. 

Up  to  this  point  in  the  discussion  the  distance  x  has 
been  treated  only  as  a  constant.  However,  for  live  loads 
moving  toward  or  away  from  an  abutment  there  is  a 
value  of  x  for  which  the  moment  is  a  maximum.  To 
derive  an  equation  for  this  value  of  x,  equation  14  may 
be  differentiated  with  respect  to  x  and  the  result  equated 
to  zero.  Performing  these  operations  the  following 
expression  is  obtained: 

(b-a)[(2-n)a2-ni2]  .      b  a 


(a2+x2y 


b2+x2     a2+x2 


= (tan  l tan  *-  ). 

X     \  X  X  / 


(16) 


Substituting  known  values  for  b  and  a  in  the  equation 
enables  solving  for  x.  Placing  the  load  at  this  distance 
from  the  wall  will  then  produce  the  maximum  moment. 
If  the  value  of  n  is  taken  as  %,  equation   16  becomes 


(b-a)(7a2-x2) 


4(a2+x2)2      T 

=  t-(  tan-1 tan 

4x\  x 


b2+x2     a2+x2 


D- 


(17) 


While  solving  for  x  appears  to  be  involved,  the 
equation  may  be  handled  practically  by  plotting  two 
curves,  one  for  each  side  of  the  equation.  Extending 
the  two  curves  until  they  intersect  will  give  the  solution, 
the  point  of  intersection  being  the  value  of  x  for  which 
the  equality  is  true.     The   solution  of  equation  17  is 

given  in  figure  5  where  the  ratio  -   is   plotted    against 

the  ratio  —     When  b  and  a  are  known,  -may  be  found 

from  figure   5    and   x  may   be   determined    from   the 
ratio. 

When  the  top  of  the  fill  coincides  with  the  top  of  the 
wall  the  value  of  a  is  zero.  For  this  particular  case 
equation  16  for  the  maximum  moment  is  of  no  use.  It 
will  be  seen  that  for  this  case  the  moment  approaches 
infinity  as  x  approaches  zero.  This  is  due  to  the  fact 
that  in  theory,  as  the  point  of  application  of  the  force 
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Figure  6. — Maximum  Overturning  Moments  at  Various 
Distances  From  Top  of  Fill  From  the  Rear  Wheels  of 
Two  H-15  Trucks,  /c=1.3,  n=%. 

is  approached,  the  finite  force  is  acting  upon  an  infinitely 
small  area.  Practically,  however,  the  load  P  is  not 
concentrated  at  a  point  but  is  distributed  over  an  area. 
If  the  area  of  distribution  is  assumed  to  be  a  15-inch 
circle,  it  is  obvious  that  the  value  of  x  cannot  be  less 
than  the  radius  of  the  circle.  Accordingly,  the  mini- 
mum value  of  x  was  taken  as  7%  inches  or  0.625  foot. 

METHOD  OF  IMAGES  MAY  BE  USED 

Using  four  concentrated  loads  of  12,000  pounds  each, 
a  value  of  k  equal  to  1.3,  n  equal  to  }{,  and  values  of  x 
for  the  maximum  moment,  the  curves  of  figure  6  were 
plotted.  It  will  be  noted  that  the  distance  a  has  a 
considerable  effect  upon  the  moment,  and  that  for  large 
values  of  a  the  moment  is  greatly  reduced. 

In  dealing  with  the  standard  H-loading  it  may  be 
necessary  in  some  cases  to  consider  the  smaller  wheel 
concentrations  14  feet  distant  from  the  large  wheels. 
It  is  unlikely,  however,  that  two  trucks  headed  in  the 
same  direction  will  enter  a  bridge  at  the  same  instant. 
Assuming  that  the  four  wheels  shown  in  figure  4  are 
rear  wheels  of  trucks,  the  front  wheels  of  one  truck  will 
be  on  the  fill  and  the  front  wheels  of  the  other  truck 
will  be  on  the  superstructure.  Under  such  conditions 
the  effect  of  the  two  front  wheels  on  the  fill  will  usually 
be  very  small  in  comparison  with  the  effect  of  the  four 
rear  wheels  which  are  close  to  the  wall.  However,  if 
it  is  desired  to  include  the  effect  of  all  wheels,  the  rear 
wheels  may  be  placed  at  the  point  for  maximum 
moment  and  with  the  trucks  in  this  position  a  separate 
computation  made  for  each  set  of  loads.  This  position 
of  the  trucks  should  give  moments  sufficiently  close  to 
a  maximum  for  design  purposes. 

When  the  total  moment  and  the  total  horizontal 
force  have  been  computed  the  height  of  the  center  of 
pressure  may  be  determined  by  dividing  the  moment 
by  the  force.  The  ratio  of  this  height  to  the  height 
of  wall,  (b—a),  was  found  to  vary  from  approximately 
0.53  to  0.96  as  the  height  of  wall  varies  from  2  to  30 
feet.  Further,  this  ratio  increases  when  the  height  of 
wall  increases  or  when  the  distance  a  decreases.  It  is 
noted  that  the  location  of  the  center  of  pressure  is  not 
affected  by  either  of  the  constants  k  or  n. 
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Some  designers  may  prefer  to  assume  a  soil  of  perfect 

elasticity  and  to  use  the  equation  based  upon  the  theory 

of  elasticity  rather  than  the  constants  determined  by 

experiment.     In  this  case  the  method  of  images  may  be 

applied  as  explained  by  Dr.   Raymond  D.  Mindlin.4 

The  constant  n  will  drop  out  or  become  equal  to  zero 

and  the  constant  k  which  appears  in  the  above  equations 

3  . 

will  become  —    By  this  method  the  intensity  of  normal 

pressure  at  any  point  on  the  wall  is  simply  double  that 
given  by  the  equation  for  the  stress  in  an  elastic, 
isotropic  solid  (see  p.  167).  The  force  and  moment 
equations  2  to  15,  and  equation  16  for  the  maximum, 
may  be  used  by  making  this  change  in  the  constants. 
The  values  obtained  for  the  force  and  moment  will  be 
slightly  less  than  for  &=1.3,  n=l/4.,  when  the  load  is 
placed  at  the  point  for  maximum  moment. 

Assuming  a  bridge  abutment  backfilled  with  gravel, 
the  moment  and  horizontal  force  will  be  computed  by 
the  approximate  equations.  The  conditions  assumed 
will  be  a  live  load  P  of  24  kips,  6=20  feet,  a=1  foot, 
fc=1.3,  and  w=l/4. 

The  moment,  using  equation  14,  is 


3  Lor  +  ar 


n^-ftan-^-tan-^Yl 
[_er  +  cr     \  x  x/J 


From  figure  5  for  -=20,  -=9.82. 
a  x 


20 


Then  x=^-^7)  =  2.03  feet,  the  position  of  the  load  for 

maximum  moment  when  n=\jA, 

(2.03)1-"=  (2.03)*=  1.70 
and 

|fcPx1-»=|(1.3)24(1.70)=35.4 

M=35.4p9(2-^  -  (tan-1  9.82-tan"1  0.492)1. 

Tan-1  9.82-tan-1  0.492=  (84°12')-  (26°12')  =  58.0°  = 
0.01745(58.0)  =  1.01  radians. 

M=35.4(7.52- 1.01)  =230  foot-kips. 

This  moment  may  be  determined  from  figure  6.  The 
value  read  from  the  chart  should  be  divided  by  2  since 
a  load  of  48  kips  was  used  in  computing  values  for  the 
curves. 

By  equation  13 

the  horizontal  force 

#=35.4(2.03)|~^-~— 1  =  71.8(0. 1952-0.0025) 
=  13.8  kips. 


1  Dr.  Raymond  D.  Mindlin.    Proceedings  of  the  Internationa]  Conference  on  Soil 
Mechancis  and  Foundation  Engineering,    vol.  III.    1936,  p.  155. 


If  an  elastic,  isotropic  backfill  material  is  assumed 

and  the  live  load  effect  on  the  wall  is  taken  into  account 

by  using  the  method  of  images  the  only  change  in  the 

problem  will  be  in  the  assumed  values  of  the  constants. 

3 
The  new  values  will  be  k=—  and  n=0.     Again  taking 

jP  =  24  kips,  6  =  20  ft.,  and  a=l  foot,  from  figure  5  for 

-=20,  -  =  6.90. 
a  x 

20 
Then  2  =  ^-^  =  2.80  feet,  the  position  of  the  load  for 

a  maximum  moment  when  n  =  0. 


M=42.8| 


zkPx1-"- 


19(2.80) 

S.S4 


:|-(24)2.80: 


^42.8 


(tan_16.90  — tan 


an^O^?)! 


Tan"1  6.90-tan-1  0.357=  (81°46')-  (19°38') 
=  62.13°  =  0.01745(62.13)  =  1.08  radians 

M=42.8(6.02  — 1.08)  =211  foot-kips 


and 


H=42.8(2.80)[8-|i-j^] 
=  119.5  (0.1130-0.0024)  =  13.2  kips. 

The  above  computations  were  made  with  an  ordinary 
10-inch  slide  rule  using  C,  D,  L,  and  T  scales. 

CONCLUSIONS 

In  the  preparation  of  figure  6  the  value  of  k  was 
taken  as  1.3  as  this  is  the  value  suggested  as  safe  for 
gravel  material  similar  to  that  used  in  the  experiments.3 
In  the  absence  of  further  experimental  data  this  value 
might  be  used  for  the  average  gravel  backfill. 

Regarding  the  experimental  constant  n,  the  value  of 
1/4  was  found  to  agree  most  closely  with  the  experi- 
mental data  reported  by  Spangler.  Since  this  constant 
is  written  as  an  exponent  of  x,  its  value  affects  the 
position  of  the  load  for  maximum  moment.  With 
reference  to  the  curves  of  figure  5  it  will  be  noted  that 
for  a  maximum  moment  the  load  must  be  placed  farther 
from  the  wall  for  n  equal  to  zero  than  for  n  equal  to  %. 

The  reader  may  question  when  to  use  the  method 
involving  the  empirical  constants  and  when  to  use  the 
method  of  images.  It  is  the  writer's  opinion  that  when 
dealing  with  a  backfill  whose  soil  properties  are  unknown 
it  would  be  more  logical  to  assume  elasticity  and  use 
the  method  of  images  than  to  make  a  guess  at  a 
value  for  k  which  had  not  been  verified  by  experiment. 

In  this  study  an  attempt  has  been  made  to  shorten 
the  gap  between  theory  and  practice  by  reducing  the 
amount  of  mathematical  work  involved  in  applying  the 
theory.  Since  the  equations  derived  are  in  conformity 
with  measured  pressure  intensities  it  is  believed  that 
by  the  use  of  these  equations  the  effect  of  concentrated 
loads  can  be  more  accurately  predicted  than  by  rule  of 
thumb  methods. 


3  Horizontal  Pressures  on  Retaining  Walls  Due  to  Concentrated  Surface  Loads, 
by  M.  G.  Spangler.    Iowa  Engineering  Experiment  Station  Bulletin  140.    1938. 
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Triaxial  Test  Data  for  Fill  Soil. 


2,984-0 


0.0235  +  0.0001  ^126'000   P°imds   POT 

square  foot=C     The  average  modulus  C  is  then  taken 

109,000  +  126,000     11cnnn  ,  ,     , 

as  -        — ^ —        —  =  118,000  pounds  per  square  loot. 


Forg 

figure  5 


=  1.97, 
that  F-- 


and 


0.73. 


B 

Then, 


0.453,  it  is  seen  from 
from  equation   18,  SL 


,  ...      pBw    4,662X50.8X/, 

(undersoil)  =*+-/' = — 1   s  0f)0     X 0.73  =  1.46  leet. 

SL  within  the  fill  itself  is  now  computed  and  equation 
11,  taking;  K'  =  0,  is  used  for  this  purpose.  Assume  that 
the  lateral  pressure  is  zero  from  0'  to  0,  figure  6.  This 
assumption  is  on  the  side  of  safety. 

The  vertical  pressure  at  0'  is  zero  whereas  at  0  it  is 
equal  to  p  or  4,662  pounds  per  square  foot  as  already 
shown.  To  be  consistent  with  the  procedure  followed 
in  computing  SL  in  the  undersoil,  it  is  assumed  that  the 
point  B  on  each  of  the  two  curves,  figure  8,  corresponds 
to   v—l—v— 0  =  4,662   pounds,    the   maximum   v—l   in 

the  fill.     Figure  8  shows  the  v  versus  -v~  characteristics 

of  the  compacted  fill  soil.  For  the  upper  curve,  figure  8, 
C  is  computed  as  343,000  pounds  per  square  foot  and 
for  the  lower  curve  its  value  398,000  pounds  per  square 
foot,  the  average  value  being  370,000  pounds  per 
square   foot.     Substituting   in   equation    11,   ^/.(fill^ 


3wTp        3X126 
80     _8X370,000 


X 37X37  =  0.18  foot. 


The  total  settlement  due  to  soil  deformation  is  then 
iSi(fill)+fi,i(undersoU)  =  0.18  +1.46  =1.64  feet. 

Due  to  deformation  of  soil  at  constant  volume,  the 
elevation  of  the  roadway  is  therefore  diminished  by 
1.64  feet.  A  considerable  part  of  this  settlement  would 
most  likely  occur  during  construction  of  the  embank- 
ment. To  obtain  the  total  settlement,  to  the  settle- 
ment SL  must  be  added  the  settlement  Sc  caused  by 
volume  changes  in  the  fill  and  undersoil. 


0  2  4  6  8  10  12  14 

PRESSURE, p-    THOUSANDS  Of  POUNDS  PER  SQUARE   FOOT 

Figure  9. — Consolidation  Test  Data  for  Fill  and  Founda- 
tion Soils. 

computation  of  sc  illustrated 

In  figure  9,  the  voids  ratio,  e,  versus  pressure  curves 
are  shown  for  the  two  soils,  fill  soiland  undersoil.  The 
initial  voids  ratios  of  the  undisturbed  core  samples  at 
their  natural  moisture  contents  are  shown  on  the  e  axis 
in  this  figure.  These  are  the  e  values  prior  to  making 
the  consolidation  test.  For  the  foundation  soil,  the 
initial  e  is  0.69  and  for  the  fill  soil,  the  initial  e  is  0.65. 

For  computing  the  settlement  Sc,  the  following 
expression  is  used, 

SC=^=^XZ>-  .-(19) 

where  et  is  the  average  voids  ratio  within  the  thickness 
D  of  the  soil  mass  prior  to  its  consolidation  and  ef  is 
the  average  voids  ratio  within  the  same  soil  mass  when 
consolidation  is  complete.  In  this  problem,  D  is  the 
height  of  fill,  37  feet,  when  computing  Sc  within  the 
fill  and  the  thickness  of  the  compressible  layer  of  under- 
soil, 100  feet,  when  computing  Sc  in  the  undersoil. 

For  the  fill,  e%  is  taken  as  the  initial  value,  0.65,  the 
voids  ratio  of  the  soil  as  compacted  in  the  fill.  In  com- 
puting ef  for  the  fill,  it  is  assumed  that  the  compacted 
soil  expands  at  the  road  surface  from  e  =  0.65  to  e=0.70, 
as  shown  in  figure  9,  this  expansion  being  due  to  wetting. 
At  the  base  of  the  fill,  the  final  value  of  e  corresponds  to 
the  fill  load  of  4,662  pounds  per  square  foot  and  from 
figure  9,  this  value  of  e  is  0.57.    Then  ef,  the  average 

final  value  of  e  is  °-70+°-57  =  0  635     Then  Sc  (fiU)  = 


X37  =  0.34  foot. 


0.65-0.635 
1+0.65 

For  the  undersoil,  it  is  assumed  that  the  clay  soil  is 
consolidated  under  its  own  weight  prior  to  fill  construc- 
tion. The  initial  voids  ratio  of  an  undisturbed  core 
sample  taken  at  the  subgrade  surface  is  seen  to  be  0.69 
from  figure  9.  At  a  depth  of  100  feet,  the  vertical  pres- 
sure due  to  overburden  is  100  X  weight  per  cubic  foot 
of  undersoil  =  100X128=  12,800  pounds  per  square 
foot,    corresponding    to    an    e    of    0.52.      Therefore, 

0.69  +  0.52     nrnr    ,,  .      ,  ,., 

e*=  — ^ =0.605,  the  average  e  prior  to  consolida- 
tion under  the  fill  load.  After  complete  consolidation 
under  the  fill  load,  e  at  the  point  0,  figure  6,  corresponds 
to  a  pressure  of  4,662  pounds  per  square  foot.  This 
value  of  e,  figure  9,  is  0.60. 
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At  the  bottom  of  the  compressible  undersoil  layer, 
point  B,  figure  6,  the  final  value  of  e  corresponds  to  a 
pressure  of  12,800  pounds  per  square  foot  due  to  over- 
burden plus  the  pressure  transmitted  by  the  weight  of 
the  fill.  The  latter  pressure  is  the  product,  pf,  where 
p=4,662  pounds  per  square  foot  and /is  obtained  from 

b  z 

figure  4.     To  find/,  remember  that  -^=0.453  and  -„= 

1.97    in   this   problem.     Thus   p/=4,662X0.54=2,517 

pounds    per    square    foot.     Then,    the    total    vertical 

pressure   at  the  lower  boundary  of  the  compressible 

supporting    layer    of    soil    is     12,800  +  2,517  =  1 5,  317 

pounds  per  square  foot  corresponding  to  an  e  of  0.50. 

„.  0.60  +  0.50     _  __    .,  , 

Theng/  = ~ =0.55,  the  average  e  from  top  to 

bottom  of  the  supporting  soil  subsequent  to  complete 
consolidation  under  the  weight  of  the  fill.  Using  equa- 
tion  19,  Sc  (undersoil) =0^°f~gQg50X  100=3.43  feet. 

The  total  Scia  then  Sc  (M)+Sc  (undersoil)  =  0.34  + 
3.43  =  3.77  feet  and  total  Si,  +  total  Sc=  1.64+3.77= 
5.41  feet. 

SETTLEMENT  RECORDS  OF  EMBANKMENTS  NEEDED 

The  purpose  of  presenting  formulas  relating  to  the 
bearing  capacities  and  displacements  of  soils  is  to  enable 
the  engineer  to  make  a  reasonably  accurate  approxima- 
tion. It  would  be  a  serious  mistake  to  rely  completely 
on  any  mathematical  formula  derived  from  theory  and 
assumptions  without  reference  to  observations  in  the 
field  and  to  practical  experience.  Where  the  problem 
deals  with  large  earth  masses,  mathematical  expressions 
can  at  the  best  only  indicate  the  general  trend  of  phys- 


ical occurrences.  After  many  years,  the  proposed  for- 
mulas may  be  modified  and  accepted  or  they  may  be 
completely  rejected  depending  upon  the  extent  to  which, 
on  trial,  they  have  proved  to  be  serviceable.  The 
details  in  the  development  of  the  formulas  serve  to 
establish  and  clarify  certain  fundamental  principles  and 
conceptions  which  are  often  of  more  value  than  the 
formulas  themselves. 

The  theoretical  expressions  for  computing  settlement 
caused  by  lateral  displacement,  such  as  equations  11, 
16,  and  17  would  be  expected  to  be  more  precise  for 
relatively  small  deformations.  As  deformations  in- 
crease in  magnitude  one  or  more  points  within  the  soil 
mass  may  become  stressed  to  a  condition  characteristic 
of  failure  while  the  soil  surrounding  these  points  is 
stressed  below  this  limit.  As  soon  as  a  condition  of  fail- 
ure is  reached  anywhere  in  the  soil  mass,  even  though 
it  be  reached  at  only  one  point,  the  whole  system  of 
stresses  throughout  the  soil  in  the  loaded  region  changes 
and  the  stress-deformation  relations  expressed  by  equa- 
tions 11,  16,  and  17  cannot  be  considered  as  a  true 
picture  of  conditions.  However,  the  true  limitations 
of  these  theoretical  expressions  which  are  based  on  an 
assumption  of  a  strictly  linear  relationship  between 
stress  and  deformation  are  not  known.  With  certain 
soils,  the  relationship  may  never  be  linear  for  stresses 
of  any  magnitude  whatsoever. 

The  essential  requirement  is  a  correlation  of  field 
observations  with  theoretical  and  laboratory  studies. 
Computed  settlements  such  as  those  presented  in  the 
example  must  be  checked  against  observed  settlements. 
Theory  may  serve  as  a  rough  guide  or  crude  yardstick 
in  promoting  more  thorough  and  intelligent  field  studies. 
This  is  about  the  best  that  can  be  expected  of  its  use. 
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DISPOSITION  OF  STATE  MOTOR-CARRIER 

TAX  RECEIPTS,  1 939 

[Compiled  for  calendar  year  from  reports  of  State  authorities] 


Net 
total  re- 
ceipts 
of  cal- 
endar 

year 

Adjust- 
ments 
flue  to 
undis- 
trib- 
uted 
funds, 

etc.1 

Net 

total 
funds 
distrib- 
uted 2 

Expen- 
ses of 
collec- 
tion 

and 
admin- 
istra- 
tion 

For  State  highway  purposes 

For  local  roads  and  streets  s 

For 
other 
high- 
way 

pur- 
poses 
(park 

and 
forest 
roads, 
etc.) 

For  nonhighway 
purposes 

State 

Con- 
struc- 
tion, 
main- 
te- 
nance, 

and 
admin- 
istra- 
tion 3 

State 
high- 
way 
police 

Service  of  State  high- 
way obligations 

Total 

for 
State 
high- 
way 
pur- 
poses 

For 

work 

on 

county 
and 
local 

roads  3 

For 

work 

on 

city 

streets 6 

Service 
of  local 
high- 
way 
obliga- 
tions 

Total 

To 

general 
funds 

For 
educa- 
tion 

State 
high- 
way 

bonds 
and 
notes 

Reim- 
burse- 
ment 
obliga- 
tions * 

Total 

Total 

1,000 

dollars 

252 

187 

3 

3,  (»2 

72S 
274 

C) 

337 

86 
60 
0) 

1.222 

558 

1,313 

293 

93 

18 

(8) 

140 

465 

41 

116 

794 

6! 

28 

223 

3 

100 

193 

C) 

365 

36 

522 

1,502 

1,219 

8 

11 

256 

453 

184 

115 

f» 
(') 

330 
195 
103 
1,675 
248 

213 

1,000 

dollars 

-59 

-1 

-8 
30 
-8 

1,000 

dollars 

193 

186 

3 

3,  024 

758 

266 

1.000 

dollars 

44 

37 

2 

421 

127 

11 

1,000 

dollars 

149 

143 

1 

78 

253 

107 

1,000 
dollars 

1,000 
dollars 

1,000 
dollars 

1,000 
dollars 

1,000 

dollars 

149 

149 

1 

78 

376 

128 

1,000 
dollars 

1,000 

dollars 

1,000 
dollars 

1,000 
dollars 

1,000 
dollars 

1,000 
dollars 

1,000 
dollars 

1,000 
dollars 

6 

5 

255 
124 

5 
255 

124 

2,520 

2,520 

18 

105 

21 

105 
21 

Florida 

14 
-19 
-9 

351 

67 
51 

73 

57 
21 

10 

262 

272 

6 

6 

3 

3 

30 

7 

7 

30 

86 

1,308 

558 

1,313 

293 

93 

18 

106 

166 

321 

53 

20 

18 

655 

33 

688 

397 

*392 

251 

29 

73 

470 

392 

251 

29 

44 

44 

636 
207 

12 
4 

23 

70 

93 

741 
211 

73 

73 

Maryland 

37 

144 
-6 

2 

-6 
-73 

140 
502 

41 
116 
938 

55 

28 

225 

3 

94 
120 

45 
210 
41 
34 
99 
55 
28 
12 
3 

48 

95 

95 

292 

292 

*82 
26 

82 
110 

694 

29 

6 

6 

729 

84 

189 

24 

213 

94 

72 

94 

72 

76 

8 

-17 

1 
162 
20 

1 

365 

36 

598 

1,510 

1,202 

8 

11 

257 

615 

204 

115 

1 

12 
36 
119 
130 
191 

7 
68 
32 
42 
104 
1 

3  253 

96 

4 

100 

353 

(?) 

Ohio. 

297 

716 

592 

8 

1 

167 

558 

103 

11 

297 

716 

839 

8 

1 

167 

561 

103 

11 

182 
664 
*163 

182 
664 
164 

55 

191 

1 

192 

1 

8 

3 

3 

22 

22 

South  Dakota    . 

2 

1 

1 

1 

1 

21 
53 

21 

5 

5 

53 

Utah 

-152 

5 

330 
195 
103 
1.523 
253 

213 

62 

195 

251 

24 

252 

8 

6 

6 

266 

2 

2 

Washington 

West  Virginia    . 

43 

60 

60 

103 

1,272 

1,272 

223 

6 

229 

District  of  Colum- 
bia... .  

213 

213 

Total 

18, 055 

228 

18, 283 

3. 329 

6,  797 

227 

476 

108 

584 

7,608 

2,575 

192 

262 

3.029 

10 

4,301 

6 

4,307 

>  Amounts  distributed  during  the  calendar  year  often  differ  from  actual  collec- 
tions because  of  undistributed  funds  and  lag  between  accounts  of  collecting  and 
expending  agencies. 

2  In  many  States  the  proceeds  of  highway  user  taxes  are  placed  in  a  common 
fund  from  which  a  distribution  is  made.  The  amounts  so  distributed  have  been 
prorated  in  proportion  to  the  receipts  not  otherwise  dedicated.  See  preceding 
tables 

3  Approximately  $106,000  for  use  on  county  roads  under  state  control  in  North 
Carolina  included  in  allotments  for  State  highway  purposes. 

1  Reimbursement  to  counties  and  local  units  of  government  for  amounts  spent 
on  roads  now  on  State  system. 


3  In  States  indicated  by  star  (*)  law  provides  that  these  funds  may  also  be  used 
for  service  of  local  highway  obligations.  Amounts  so  used  not  reported  separately. 
In  Colorado  funds  may  be  used  on  both  State  and  local  roads. 

6  This  column  shows  specific  allotments  for  city  streets.  Where  reported 
separately,  funds  allotted  for  urban  extensions  of  State  highway  system  are  in- 
cluded in  allotments  for  State  highway  purposes. 

7  No  special  taxes  on  motor  carriers  reported. 

°  Ton-mile  and  passenger-mile  taxes  paid  by  motor  carriers  in  lieu  of  registration 
fees  included  in  motor-vehicle  receipts,  preceding  table. 
1  Motor-carrier  taxes  no  longer  imposed  in  Utah. 


November  1940 


PUBLIC  ROADS 


179 


Z 

o 

CD 

H 

CD 

o 

Q- 


<  co 

CD  "~ 

5  CD 

cu  < 

5^ 

ui 

uj"j 

o 

z 

o 

H 

CD 

O 
CU 

CD 

5 


o 

a 

3 

a 

is 

x: 

bb 

3 

o 
a 

o 

Si 

0 

dollar  x 

773 

2 

12.  289 

01  Ol 

CO   f- 

-  — 
Or--' 

X  CO      ' 
CC  Ol 
s    o 

co^h    ! 

X  — i 
t)*CN 

i-H  00 

044 

1,880 

151 

163 

Oi 

11,582 

60,  370 

1,  028 

26 

13,  521 

150 

15.  153 
4,202 

499 

3,641 

11,096 

49 

29 

13 

999 

c 
a- 

c 

Ol 

-f 

iO 
CO 

X 

gsg| 

86 

O00; 
— .*    O 

CM      '■ 

r^oo     ! 

f-H  CO        i 

o 

CO 
CO 

Oi 

CO 
CO 

Oi 

ce 

>o 
o 

CO 

Ol 

Oi 
CM 

■    Tf 

'  X 

g52  i 

IO 

Oi 

Tf 

1       ■« 

r-  co 

0  CO 

en  i- 

1  -'  re" 

oo    ! 

CO        I        I 

oi    ! 

-e 
ce 

CM 

— 

TO 

1  - 

OS 

TO 

o 

CO 
Oi" 

A-    ■                 •    ° 

fc  —  3  "  ^  O  ■ - 

is 

t-7  0 

■a 

|  o 

'  G71 

■  Ol" 

00      •      i 
CO       I 

-f"    i 

o 
■o 
I- 

Ol* 

GO  CO 

Oi 

»o 
1- 

r- 

-f 

CO" 

Oi 
3S 

Oi 

CO 

CO 

-f 

CM 

>(  £   It  M  L  w 
3 

Q  £co 

»•*  © 

■a 

■  Ol 

i  X 
i  CO 

r  / 

ce  to 

-h*CO* 

CO  O       ' 
iC  »C      i 
rH  CN       i 

r^  co 

X  Ol 

-r  r- 

— *oi 

f  iO  15  X 

'Tf      Oi      ""f      CO 

CN         — '  — 

o  —  o 

O  Oi  I- 

O  Tf"  CO 

co"      o" 

— 

-f  CO 
~f 

CO  O 
X  CM 

-f  -f 

CO  l~ 
X  CO 
-f  r- 

Oi 

- 
r 

Oi 

5 

CO 

Oi 

oi 

Ol 

Tf 

CO 

co" 

CO 

Tf 

0  2 

"3 

-  — 

-H    CO 

CO 

Ol  CO      i 
CO  t>-      i 

^H   CO         1 

CN 

Oi 

,  IO  Ol 
■  --i  Ol 
Oi 

o 

•o 

CO  CO  -f 
1,  _  -o 
--(        O 

t> 

For 
other 
high- 
\v;iy 
pur- 
poses 
(park 
and  for- 
est 
roads, 
etc.) 

0  £ 
>■*  o 

oo 

i  Oi 

T 

o 
»o 

-f 

iO 

o 

Oi  »C  I-- 

— ■  co  co 

x  r- 

CO 

- 

CO 

TO 

iO 
Ol 
CN 

OP 

•a 
□ 

IT) 

"3 

<3 

O 

« 

o 

_o 

o 
In 

'3 

_.  •»  co  r-  00  to  m 

e>  Jr:  0  iO  -*■  o  1  r  - 

§.£-""  y-  -'  ~  -- 
•ci-'-'-'drt 
■0                oi 

>-e  oi  oi  oc  ci  X'  co  'Oi  io  os 
i,       M-cio^m-noi 
ro        ?tooirere>r-0'' 

co"             -V  01  -"  co'  1  -  co"  0 1 

r^.  Ol  —  01  O  I-  TO   01  TO 
CO  1  -  —  X  X  iO  —  «o  — ■ 

OiOf-f— 'Oi  —  OICO 

iO  t}"  cO*  CO  CO       >— *  io 
--»  Ol 

— '  X  Ol  o 
o-  ro  —  x 

■  -.  o    -  I    / 

1-H "Oi           CO 

Ol 

—  i —  io  Ol  O  Ci  — i  >C  C  0 1  1  -  TO 

O  O  — <  X  CO  iO  t-XI-CCO  O-  Ol  X 

-|"0  CO  CO  O        W  t-  f  ->  XI--CC 

— '  -f  1  -*  O  l"  CN*        01*  --*  -O  Tf          rH         00 
CO                ■—                              —" 

Ol  —  Oi 
-f  CO  f 

—  CO   -f 

3*        -f" 

X 
X 

o 

"0 

•  -  US   O  Jj  a 

r*  .2  .£?  >•  °"  o 

<U  —  .3   ^  —  w 

to  o      £ 

CN 

TI 

Ol      . 

CO      i 
Ol       i 

cj    ! 
r- 

co*     ' 

CO  1- 

—  X 
COCN 

CN 

r-  o 

CO  iO 
01  1  - 

CM 

CO 
CO 

■Oi 

O      Q      O      -' 

fe5s  s  B 

o  -^ 

0  £° 
•a 

!  ^ 

'  CO* 

Ol  ~ 

--  Ci      ! 
CO  X       i 
CC  O      ' 
OIOI 

*i* 

f  —  Ol 

X  T  -f 

CO 

00  -" 
■  C  Ol 

CO 
CO* 

Oi  CO  tH 

Ol  Ol   -H 

CN  O 

CM 

o 

Ol 

o 
-1 

Oi  CO 
Ol  TO 

—  X 

o 

re 

3S 

CO 

-f 
Tf 

Tf 

Ol 

X 

IO 

•Jf 

°  o  a  9  e  S-a 

_.    p  Ol  I-  CO  <M  >0  iO 

^.'01-'  i-4  ^-«*  r— *  co*  co* w 

oi  ci  co  r-  01  ic  oi 

1  -  01  X   CO  CO  — <  Ol 
C  CN  X  Ol  CO  CO  »C 

*+"  oi  r-"  •— *  i  -'  co"  oi 

r  -  to  -f  oi  co  i  -  co  —  JO 
CO  — '  Ol  x  x  »o  Ol  — >  CO 

Oi  O;  — t  -r  —  O.        Oi  3) 

(M-  (D  CO*  CO*        i-T  M* 
— i  oq  ♦    *               # 

-^  X  Tf  CO        Oi  X  CO  t—  iO  Oi  X  Cl  — <  «0  O  Ol  X  Ol        Oi  -h 
oi  uo  x  <n  _  to  t-  x  -o  re  ■  -  co  x  t  -  co  co  re  o>  — ■       —■  co 
co^-"—''Cir''-freoireTO         T0i-~  —  '~i-0iO"OO 
i-T  X*        1--*  ^*"t-"  ro"  CO"  01  01*       CN*  i-4  iO*  Tf        .-I  "■    ITS  *~  CO 

-H                  tN  *     *     t-H          *                      i-H                          * 

O  O  °3  .£f  <S  3  £ 

^-5x:  feo-g, 

— .   f>  Ol  C:  —  CD  aO©NTrHOCDOSQOH03W^*«OOu:  DC  CO  'C  OS  OO  00  C;ZI 1  T  O)  0  «:  0C  tN  O  TO  -^  Ti  X  ~  0  Ol  ..-■  TO  CO 

(5  J5  l-  CO  i-O  r—  -.r  — < <■-    /:  ?•)  ^   r  >  -  —    ~-  ~  re  ro  —  r.  ■mi-tit  r   -r  -ci-TCi-TTt  ~^r^  X  ■  -  re  i  -  :t  ro  'C  co  X 

2,2<»HNHO-HXC»WC0WiC»0(0Mi0HOO0>^,WW0>C0NS©OWMC0'fl»0NN^O«0iOC»WO(»NON 

0  dt'ciai-  co  01—-  —  co'^oTt--.  o*-*"  10  00*0  mm  —  tow'vee  — ■  -1*0*  <o  0  01  01  x  ?f—  r-  ci  —  -f  co  encceo  -^f-o  0  coo* 

t;  — 1          -HCO          —          C)-h         CO  -^  — 1  .-<  — 1  -<          — .         (MCI          Ol                              <M         COCO         NHHfl          p-I          —  CO                Tl-"iH 

Ol 
CM 

>o 

Tf 

■Ci 
eo 

o 
a 

3 

a 

ca' 
is 

j= 
be 

s 

35 

o 

Si 

2  3 

03  « 

*C3 
O 

to" 

0  £S 

^  C  CO 

iC'  lOMCCNOOOJHO        CN  iO 

—  x  co  -o  oi  m  — <       — i     .  -t-  co 

"Or^OiOcOCTft              iO      'CNCO 
X)  re*  —  T  i        X*            O*       00  — * 

•*t"  CO  iO  Ol  t--  Oi  —■  X  01 
re  X  X  x  Ti  otTlt- 

r-iCOCNcO«CNNO 
— r  0 1*  0 1  -f"  -J-"  Tf*  CO*  Ci 

Ol  Ol  Oi  — '  h-  CO 
O    X1  O-  1  -  tO  X 

00*f  »t-o> 

Tf"  -h"  O*  X* 

xx  co— '—icor-ooX'-'O'O'OOi 

MHCCJIOHNHC   -f  CO  1  ~  — <  f  O 
t-  Ol  Ol  X        X  --i  Ol  ie  *-f  ,-h  X  t-.  CO 

Tii-       oi       t-  —                    r-  co 

o 

Oi 

o 

Tf 

CO 

P3  i>  *f  *  ?„ 

^1  §1-2 

Ol 

XCOXOi 
CO  Ol  iO  ^h 
O  ^  Ol 

oi      CO* 

i      i  Ol  o 

,      ,  -f  o 
i      i  CN  O 

'     '  cxT-h 

t' 

M 

o 

CM* 

X 
Oi 

00 

t-- 

CO 

--- 

CN 

o* 

Tf     .-. 

Tf   ^H 

—  Ol 
CO  to 

Tf 

CO 

— 
1^ 

CO 

X 

CO* 

-f 

EU 

03  bxi  cj  a  a  ti 

8s°. 

t3 

ex  unco 

Ol  X  CO 
~.  1  -  O- 

>c  co*  r-T 

— 
o 

Ol 

'        lO      i      '  CO 

j       Oi" 

-flD«OiftNXHOCN 
co  X  X  i  -  Oi  ro  -r  co  t- 

hicoimomimcoo 

— i  Ol  Ol  -f  -f  Ol  CO  Ol 

■*f  Ol  Ol  — i  i-~  o 

XXOiMOH 
X  **  X  t^  CO 

-t"-"o"od 

CO  X  CO  —<  --  CN 
NHCOIOHCO 
l~  Ol  CM  CO         Tf 

01  I  -*         —h"        CO" 

xoo 

CO'  -f 
CM  iO 

X  >o 

rH  X 

2  t-T 

Oi 

c 

CO 

?!     i 

S    ~  f  tr-    ~    X  -T  X.  'C'  *    -IX'C-I          X   —  CO'  CO'  C-    X»-N-iCl.t';  X  O  >C    hI-M  CI  1  -  X)  —  -,-  mNC)«hONM 
§5*" i'-'XCOCJOl'-iiO^HUCjCfi      '^M^fCCCfT^tf-HiCM              C-liC— icOiO        OOOCOiCCNCO        C^t-'-H-^'O-T' 

— r"5           of                   — <                                                         ^                co"                         — r 

o. 

CO 
Oi 

CO 
CN 

c  g  3  n  «  ffl-=.2 

0  g  0  -3  ca  is  .3  -s 

!j"'SSaCc'8 

_^O)iO^C>jT^C^00U^^Tt"CiCO<^cO-^Cia>^CO^CO^rt'Ol'OCOwt^o^ 

S  5  OJ  N  'O  O  ^D  O  T  O)  -  -  «  '/   -0  -r  —  -M  -*r  — '  -r  -  -r  C  ro  —  r  -  -j:  01  ^  —  ro  -f  r_  >r.  co  0  f  01  —  rz   zr.  ~  T.  ~   ~  x  —  X  O 

g   «  h  ©  0  W  N  N  M  t*  «  N  n  ^  n  H  0  O  N  O  N  N  C  X  h  I  -  «  ' -■  ■-■  iO  C  ?1  N  l-  t  •.  3  ©  a  ft  I  >  CO  00  N  >C  O  O  N  "f  N  * 

k,  oN«  -f*  cm"  -^h*  0"  —<  ot'o  co'co'x  oTcft-^^irrr^  co"  00"  ^5  c^"  cm"  co  co"  ~h  co"<c  co  xn  01*  r~  -h  x"-—  —  x'^i-Vn  co"c^*coc"oo"c>*cn 

Oi 

CO 

o 

CO* 

o 
•o 

Expen- 
ses of 
collec- 
tion 
and  ad- 
minis- 
tration3 

S  "3  t"-  '-  '"  —  1-  C".  —  re  ~  ro  oi  x  re  cc  '~  c  re  •*  re  »c  01  01  -c  —  1-  -*  t1  — ■  -T:  ~  '~  -  x  ~  1-  co ■  —  Oi  re  re  —  •—  —  f  01  —  —  r 
.i.^^COfOOX-H©  1-  r-<  •—  CO  t^  CO  «  CO  — <  ^  t^  X  t-~  CO  X  --H  -1"         rH  N  Tl*  I>-  CO  CM  OS  »0  t>-  00  CM  CO  CN  CN  CN  i-H        CO  CO  Ol  Ol        ^h 

^""o                     Tp                                       tN^i-Ti-Ti-r                          (-Tt-T                                             cm"       of              tNt-T       rt*                    p-h"cn"                                i-T 

X 

1- 

Tf 

-f 

Net  total 
funds 
distrib- 
uted 

taNi-OOMi^aN«*NaH©W^C»»ONNMWrtC3>HNOOO>N©«OWWOtOSMcO©aMC»^INCONNO 

_    '  ti  —  1.0  ~  01  x  —  >':  -^  -r  01  1-  >"■  -r  X'  t.  >e  i-  ■-  r  re  ~.  x  troi-ou:i--HMoi-r- u — r  —■  x  '".  1  -  —  ■■"-  —  x  ~  x.'  ro  ~  tr 

§gcco^m^c*^coNiooorHcooHw^ccwoacowTco»o(»HvcowcocDaa 

*-vS3  aT»0  t*»  CO  <— '  1  -  Ol  CO  CO  lOrf'iCN  iO*0*  '+"  Oi  CO'  1-  Ol*  X>  CO  ro  'O  -^  —  CO  "T*  CO'  GO  CO  -t*  n  — i  -t"cO  CO*-T*'0  -t"  CO  -t"  «0  'O  O  CO  oo  co"**" 
r_,   O  <-<        h^-^h        KN        CO  CO  Ol  — (  .-h  Ol         h  CI  >0  W  -h  N        ^h               »4«         — *  CO        t*  CN  W  t-        <-h         Ol  CO              Ol  Ol  —i  Ol 

ta                                                                                                             —i 

CO 

Oi 

CO* 
CM 
CM 

Adjust- 
ments 
due  to 
undis- 
tributed 
funds, 
etc.' 

»*)'MO«CON^OONOCnWiC*f'OiHWtfJ^>HiOwTrWNC7i^l-OTWOOiC'^HC»^»      ■  00  --  f  "O  W"C 
Jo  rf  n  i^  a  c  -  ^  iO  O0  N  N  CO  "O  -h     I    o  CO        Ol        O        CO  CO'  CO        CN  r f  CI  o  --■  CO  CO  O  — ■     1          OH-        X      ■  t^  CO  —  CO  •* 

S:b'-,      coo      HioannxM   i  ?i   I  c-i--        i       cm      _—.—          ceoioioii       t  wcj   I       oics                         i-r 

i  £  I         -         III          '  1     „- 1       '       1          II             1       1   '       1   1  o            1           :         '  e* 

--§        1                                                               J                      1 

Oi 
X 
CN 

»o* 

Ol 

1 

Net  total 
receipts 
of  calen- 
dar year ' 

iC'l-'"   31  00  CO  OS  C  -t-COOJ— -uric  31W^'C0OXCl0N'J"Nt000«ON0>'*HMe0OHHNO^N'J,0>t0HOSOifl 

_    '«  i-  -j  /■■/  i-  i-  '*.  c  -  ;i  .-  -r  -  i.:  /  ■;  :n»  /  i-  ^  ;  >-  c  -  ■;  i-  /  n  /    s~ "  r-  —  r  -  x  ce ■  »o  — <  co  co  O  COO  CO  io  io 

S  ~  co  i-  X'  t  re-  ~  -f  oi  i  -  r*;  (■-  ""  oi  x  ~  x-  '"■  ■— •  -o  ce  r  -  ~  o-i  >c  oi  s  -*■  -r  -r  — ■  to  ce  -co  O  o-i  -^  ~  O'  co  co  '"  x  -^  o  r-  »o  o  f  x 

'"o  ~Z  a  m  co  I '  "O  co  Ol  co  »o  ce  t*.  i  -  't  -oc  0 1  o .  co  i  -  ?  i  x  ce  ro  co O  -*  'O  x  -r  —  ~  t  i  '-t  o   o  —  co  '-0  co  -f  ' "  ■  -"  —  co  '  e  ro  -r 

-   C  _          _h  i,  —  — .          CO  Ol         CO  CO  Ol  —  —  Ol          — i  Ol  iC  CM  — •  TN          r-c                -f          —   ro         I  -  Ol  —  Ol          — <          Ol  CO                Ol  Ol  -h  CO 

iO 

o 

Ol 

oi 
•o 

Ol 

00 

cd 

s 

c3 
cci 

- 

c 

I  3 

II 

o 

3 

cy 

1- 

-: 

- 
o 

s 

3 
52 

z 

-    ?  cO 

5aw 

3 

cO 

a 
- 

■r: 

— 
- 

_- 

- 

i 

- 

P3 
■r, 

TI 

1 

-     V 

=  7 

a  ' 

- 

oa 

:T 

o 

- 

C3 

z 

c3 

-r 

- 

--■■ 

z 

op 

2 
a 
B 

.- 

2; 

cu 

GO 

z 

o 
u 

>- 

- 

is 

T 

cO      ■ 

a  os 

il 

■■73    *3 

"JP 

—  — 
::■  r 

d 

: 

z 

o 

d 

z 

5 

C3 

B 
c 

- 

■T- 

1 

5 

03 

H 
"3 

re" 

o 

c 

CO 

- 

M 

-. 

q 

S3 

"5 

o 

03 

i- 
tt: 

CL- 

r- 

ca 

- 

- 

0    - 

E  5 
>  > 

I  p3    1    ! 

03 

5 

c 

o 

5 

c 
EH 

180 


P U BLI C   ROADS 


Vol.  21,  No.  9 


I.I 


Ui2g  ° 

O  5j  &4  . 


>>m  "«  > 


3  <£  93  2  ^ 

o3  ft  ■>-}  w  C.  oJ 
CO  a  "■«  2  2 

£  a  ° "5  £ 


-So  >■£ 
—  aS  a 

'     o    5gfia 
..    S    C  S So 


& 


cp  o^*1* 


a^e 


■2  6= 


c3-= 


as 


. 98.-88 |a   »3g8s* 

§ig,SS'B'S^9f?'.a~.:Sa 
=  o-gS-SteS'c.2Si^-52  3 

P„Sj3  0.ofl  "  S-o&.S'g  c -3 

2fl  w  _r  <x>  .  -  a*    -r~  j3  ^  •—  is  o>  o>  t^ 

»S^8^2.2.2"afi3a«     £fe2 

-    :g..-a«oS'SaJ.s 


a  c 

c3  o 


Q^j    «   C 


3  9  ^gus-i 


:-■   r 


■op 


"Nyt"^  §  g£  £  a2-S  a  3  S 


a.~  8.2  qg  ao  §J=  §  S-ca  £  gs  g|s 

•-f  3  -  "g-sSS  8-a|ja«  8"g*«^ 

Ia|S  =  --32.2^g^Sg--SoS 

fc-S  S3  8^  g^f  Sils 323 1  §■«  § 
oi         >2 


o.Son     a 


I 


as 

a  <- 


OS  « 


O0D 


X   ^ 
°*  w 

"o  H 

=  03 
i    o 

So 

II 


o  a) 

Sg. 

■§&. 

O  OJ 

5o 


<v  ^  a>       a^ 

3S«    § 


a>      ^ 


O  OJ  o 

11H. 

2ofS 


-"     ►  O 
OJ^  03 

9  « "2 


2  S| 


cow      ! 
_  o  B  o  oj 

"5S'soon  ' 
*aC30»°  I 
"o  S  2  "  c  03®      ' 

<u  03  jrj  g  a>.2  ] 
^2fo>o3M."S' 
i-wti  fe  "  w  ^       I 

^o-sasg-nvj 
3°---        -w  f 


9  "T3  ! 


o  Q  -o  : 

5£«i£&§a-; 


"  g  a  a,  oa" 


03^ 


a  S5  =  t--2  osS 

S«°So m^2 , 
3  o3  M.53  a"  «°. 

O—    AJflUfl    Q/CC 
^T3   »  W    03<U^05-' 

"  a  gx>  608"' S  I 
.2  03  Qa  q-g^r. 
-o  w  x  o3-r;J2g 


0J       ^  o 


T3    OJ 


.„  00 -a 

is  H  „  w  O  05  _.-.-,  , 

,^a3-jJ3  OS  0J  i 

tj  □  0^71  ^  ^  <!>•»—  ■' 
"  9  «  a  fc-0^    -P  ' 

k-      03      a  ■-.  o 

*J         «       .«  be  O 


toc 
3£S  2 


o  a 


25g3: 


3    73 


3d 

a.  o 
.c-o 
o  2 

—  o 
fflo 
&° 

B° 

II 
S  2 


-=  3  g«f 

ti  60S   S^S 

«33  M~ 

O.^T3  _  > 

a.  ®  c-g 


oj  a  cs-53  ° 

3S  03  5  a 
Jo«J  is 
?-=;«  ._  o 

'~  <  -  *~ 

»s    §=' 

*J        03     *■— 

S-§3':-l 


■ga» 


._  o  a 
2«3 

03.60^3 

a'??s 


3  03  O  o§ 

™  a  45  "2  & 

gs  2  gg 

T3  CO  —   oj   V. 

a  teC.3  3 
.3  b/j  x  ^_  03 

S3  ^o  s 

S-2-a^g 
t«  03  a  a  to 
tSco3  3^. 
.a's'03—  ^ 

w       "  03  3 

W   OJ    fc-    0* 

a  a  a  j;  g 

So  0J  p 


03  « 


c 

a 

0 

i 
^ 

x 

"■ 

43 

O 

<3j 

H 

73 

r- 

0 

02 

November  1940 


PUBLIC  ROADS 


181 


o 


W 

O 
H 
O 
O 

O 


uncu 

j*  r— 
*- j* 

*-  to 
r-o 
co  o 


CnvD 

r-  tovo  cr  oj 

—|j*  j*  vo 

r-"vo*eo' 

j*  oj  to„ 

rAOCO 


OvO  r-  O  r*"vj* 
COj*  «-  —  OvO 


ff_ 


O  r-  up  m  unO 


O   U^ 
vO  OJ 


r-n  —  LP 

unvo  cr 
en  r—  eo 


VO   LT»VO 

ovo  co 

OMT\CO 


vo  un  — 

K"»VO    O 

—   CU   — 


CO  CU 
CO  CTnO 
r^  UT.VO 


un  r—  ur> 
J-  co  co1 
eo  eo  r— 


vo  o  gv 
r—  to  cu 

COVD  U) 


.-vO  r«-> 
r—  O  un 


un  o 
uriunj*  co 

"  "   •-   «0  K" 


j*  r-^  — 

mOJ 


onr— vo 
r— oij* 

oj  j*  to 


X>  tO  IT 
CO  IT\  r" 
J"   CU  VD 


J*    unj* 

---J-  r- 
O  oj  cu 


r—  <r» 
uncu 
—  cu,* 


NOO 
—  f—  or 

MKMT 


<=rvo  o 

to  r-  _ 

unvO  if 


*-   OJ 

toj* 
un  co 

r^VD* 

—  VO 
K\VO 


JT  » 
r^-  to 


W    ON^ 


OJ  \x>  to 
co  uno 

CT\C0jT 


cu  cr>  — 
vo  on  _ 
onjr 


r<-\  —  ur 
cu  r—  — 

tf\CU   60 


r— o  — 

OJ  CUVO 
CT»  O  CO 


OnvO  JT 

IfMOJ- 


cvj  cr  jt  r—  to 


—  oner 


onjT  <T 
onr- 


O  —  jT 
irwovo 
j*  uno 

uncvTo 

JT  K\0> 
hn  —  to 


CU  g>  • 
hn>JD  c 


JT  tool 
vo  n-\if 
r«-\  c\j  ir 


vo  CU  o 

t-   .-IT1 
60  VO  K"> 


<o  to  up 

*0  —  vo 

cu  oj  o 


CUvDjT 

cu  r—cr     . 

cu  j*  f<ivo  cu  t—  uncu  r**i 


jt  r— up 
m  to  cr 


^vo  cr  cu  cu  jt 


to  r— 
>J)  wo 

—  JT  — 


unmvo 
cujt  to 

K*\  60   — 


cu  vd  ir 

vo  JT  MP 

VD   OMT 


eovo  r- 
x>  j=F  i- 
un  ovd 


<-vo  ir 

M"»  —  CO 

o  o  - 


unjr  jt 

OJ   OMT 
CTt  OVO 


onr—  r-  cu  un  — 


onvo  — 

r*\  oncr 
t— CO  — 


%  en 
oj  i 


Cu  co  r<^ 


III 


So  §  ' 

363  i 


r— p  oSon  —  cr 
cu  cu  uncu  or>r- 

■  r—  oivc  cu  K' 
_  -jwvo  cu 


x>  r—  or 


cu  OJ  OJ         •- 


sow 
r—  onto 
<j\^t  cu 


*J3  oir 


OfVDMOi 

co  co  r-|f—  »    ' 

O  OMf\K\ 
CU  OJ* 


LT\OJ  ^t 

cu  cu  r- 


to  o  — 


«-   LfMO 

cr.^-^ 


*-K\r-         Wh-4U3K>Wr-i^n»-U5 


^)  CU*5 


O  ONCU 

Owr 
r^vx>vo 

o'^t'ir 

cr\  to  r«- 
encu  ^ 


ur\r^  on  cnori  o 
f-"\CU  «-  *-  cu  to 


uSvx>  CU 
CT.^  J 


cr  .*  f^\  r-  vjd 


«x>  ir\cu 

woe 


O  —  tfir*\— -^» 

cu  cntoj  cu  tor^ 

bo  cu]  rA^O^ 
i-  iri«-  ir»o 
IT\  »-J  o  '""0> 


8? 


O  CU  I     _ 

k\  cr»r*-  cu  to 
k\w\d  r-  ^ 


O  onK-  r^»60 
0>«-vJ3  -^ 
onror*"  to 


O  r*>,3-  OMT\ 
vx>  o  r~3  — 


3 

o  ir^vo 


\x>  cu  ir.cnirv*- 


k%^j  cr 
t^\oncu 


KNK\  *-i  r^cu  CO 
ir\  r-  ir>«j3  j-  to 


•-   *-   lOK1  r*"N  K\«- 


<r«f-  co 
<i>  .-  If 

*-  IfMf 


O  OJvX> 


Q    rAh-*-    O    O 

on  cu  cu  m**  o  ur 


VJD  CO  tO'^OVD  r- 

CTiKMO  •-  onto 
t*-\  o  to  f^^t  cu 


^  LTvro 
r^«X>  J* 
en  O  mi 


x>  on  up 
to  r*-  to 

o  o  ■ 


^t  o  r- 

O  U^ 


r<Mf\wu3u)  r*-  o  una>r»-crvcu 


OJ  VX)  IT 

o  —  cu 


*-  •-  ir«x> 


On  CU  t^\  r<\^   t*j\£>  M>  A 

~  A  to 


cu  to  " 


a\ij 

cu  r 


CU  *X)  cu 

encu  i— 

^r  —  ir 


60«X>  IT 

on^^cu 


J-J-  ur 
r— to  to 
cu  CO  O" 


cr^t  o  urvx) 


to  onir 
o  j-^t 

LT*CU   — 


oj  onto. 
r*^vx>  cr 

ur»cu 


cu  t^  *-  cu  k-  cu  v- 


«3B 
i:  ^  g 


I  .at 
5si 


ir\uncr> 
^  cu  o 
vjd  oncu 


uncu  td  ir\cu 
kd  unurv^-  on 
cu  vx>vo  onr— 


un  pnr«- 

I—  CU  t- 


o  o  w  to  ur\on  iXNuncr 

*-  f^-CU 
U3  onr^1 


K-  CU   Of^^K\ 


O  r*\  1^- 
K\t—  OJ 

cu  cu  OJ 


otocy 


O  «-lftKNOlT 
<J\^t  K>O»60 


>  un  m  u*  m 

I    *-   O     r-    < 

^cu  H  ov 


0nvf>  Wj  VD  to  to  »JD  \£>  O 


vXJU)  O  «-  •-  O. 

k\  oj  o  ir»vx>  r^ 


OJ*  CO 
OJ  OJ  — 
OVJ3  — 


»  «J  O 
-J-  O 

CU  j* 


tnirtvfj  cu 
K ,  r-- r*"\  r- 


Q  in. 


f-nco  co 

O  •-  **■ 


r-vx>  o 

Jt  «X)  co 
cu  *-  OJ 


CO  CO  j- 

-  cu  o 


cu  to^* 

un  O  *- 

Jt    CU  K' 


k^»x5  _ 
uncu  o 


^2D 


o  on  — 

KMOfJ. 
to  lf\U" 


oncu  k* 
unto  to 


cu  unvx) 
rn^t  cu 
cu  cu  •- 


K-\CU  CU|OVX) 

r-oiHoK^u~>cucu  < 
i*-^6y)  ^  sw  or 


O  Q 


COVJD  Jt 

jt  —  r- 
cu  j-  r- 


unJ*^J^ 

CO  CUVX) 
CO  lf\.- 


unono 
oj  to  eo 

K\V£>  CU 


rn  epvx>  r-r«n^t 

VD  OJKi  CAf^r 

j»  oncu 


D  CU  Ki 

O  f*OI. 


o  O  J 
j*  r- eo 

cu  — *x> 


r-vx>  cu 

i-  uno 
o>to  cu 


j-  onvD 
to  o  i^ 


vo^a- j-  cu 
jt  jt  f*"»r- 
to  60JT  ♦- 


r*"\vo  cr  on  un  k^  on  k\  co 

vjd  Q 

oJJ 


CUVX)  o 

-^5 


to  o 

lf\«X> 
t-VD 


vjo  t^jt  on 


nr*_ 

lfv«-  ur 


O  cu  _ 
-*vo  r- 
r-nonr- 


j-  k%H  r*n^  cu 


onf-r-  jt  Jt  to 


ifva-  K-  cu  inoj-u)  o 


O  •-  ed  cu  KVX) 
cuj*  o  r— cu  eo 
eo  irvx>i  r-  cu  to 


j*  --  u*>o  kacu  or^—  unr-^- 
vo  Ojncr»our>cu  kmoct»cu  to 
onoM»-  i-  o1  u>c\'-cv4  * 


VD   •- 

unto  •- 


8—\X) 
o  cu 

CU  Jt  VD 


OXOK- 

f*ncu  t- 
unvo  r- 


—  —jt  ro—  — 


i  c3  ; 


ft.g  a 

.2  1  I 

«s     S 

^SS 

zzz 

&8 

£  s  s 

ZZZ 


_   t—jt 
t^yn  \r\jt 
to  ir 


—  r-O 
r«n  oo 
cu  omr 


r-  r-  tof^- 


co  eo  o>o  cu  cu 
unr—  — 


OMOOWJt    O 
OnKVJDi  »-K»0 

oncu  ut»k\ to  cri 


|CU   Q  CU 

i  U-iF 


to  onur 
on«-  >x> 


CU  —  K* 

unonvo 


cu  un  — 

VD  CU  K- 


OJ    C 


O  covD 
r-no  Jt 


—  CU  CU 

unvo  cu 
r—  r<nvjo 


CT\r 
Oj  r 


unto  ur, 

OWK. 

o  cu      r 


CO  60  t*-\lT\t*- 

»-  on  co  cu  r— 

U?   60  J*«X> 


CO  cu  cu 
unto  oj 
un  to  vd 


■r-o  o 
^*  cu  cr 
*n  o  *- 


o  onto 
on*-  &' 

r-    K\CU 


cu  cu  oj*  ayjt 
O  K\t-  to  un  co 


^kWI 


_.  onon 

VD  O  O  •-  0'_ 

on  or  •"  on  o 


r<nvo       —  k> 


J-  o  r-  r—  unm jt  —  to 


j*  K>r^\co  u-icujtj* 


rn,  Cu  o+£>  un  rH  to  r- 
on  on  •-  eo  to  *-  r-nvo    _ 
r—  unj*  oj  k\oj  r—onu-> 


CUVO  lO 

on_=r  co 
or—  — 


vo  cojt 
onvo  _ 
j*  vd  to 


t~~jt  r— (to  to  o 

eo  —  a\=t  co  up 
jt  o  r—  <d  uncu 


cu  --  to  un  on 


Ojt  «-|vd  *- 
onQ  —  vo 
eo  r-  o  •- 


5 


CU  CU  K\ 


onvo  Mow 
•-  i-nco  uncu 
Jt  JtJt  cu  cu 


—  unr- 
r—  **"»  — 
on  r-o 


—  cu  c 
cu  «x>  o  ,    on 

—  t— o.     Cu 


if\jr  ex 
j*  -  o 
m  oncv 


to  r—  ifijj 


r— J*  K  ,     KN 

un  Oj*     cu 

r-    K\tC  CO 


CU  CO  J* 
Jt  CU  60 
CU  VD  K 


\vS  r- 


•-  onf^vo  r— cu 
to  cu  cuj  —  •- 


i  f^ncoicu  j*  i 

lfVJ>«~  Jt 

r—  to  — 


O  to 

o  to 
■  un  u- 


J*   CU   COJ* 

o  O  r-  cu 
r-nvo  k*  cu 


a 

a 

-.5  2 

-UQ 

■^^i^ 

''-■S 

2   =    3 

oo£ 

2££ 

i  hntc 
>  r—  f 

i  lOf 


*.  g  c 


182 


PUBLIC   ROADS 


Vol.  21,  No.  9 


C5 

63 

50  ore 

Oj  ec  r— 

to  CnOJ 
tovo  ,-* 

UTvOJ  60 
CVJ  ^t  IT 

Cn,Q>60 
60   OVO 

r-^t  r-  vo  —  oj 
j  ^cvi  o> irvK> 

r*-  encnoj  eo^f 

rovo  HM  tC4 

vo^t  irjovo  cr 

en cn»- vo  i^r 
i —  r«"*jD  ro  K\it 
^f  r*M^^*  vovo 

r-vo  ojUj  «^verif^venK>OK>r*-r-ioK>oj  ooj  r-~»  ir\jj'  eo  vo  r—  o  eoeo 
*^>  r— «-;r*-»en«-^t  eo  ir^co,^  eo  ovcr\Hnci  r*-\if*o  r-v^r  vo^,  irv r— c 
cr.cn  eo1  •-  a^r—envo  ^-vo^t  ur>r— o  H*"-^'  cnoj  r— volir\f^*H  *-  r*— s- 

vo 

gg 

<r»r^-^ 

j*  irvcu 

•-  enh- 

en  h-to 

vo  cnK1  r-~  ir>o 

j* 

lie 

ur\  to  to 

tOCVj 

rOrovO 

vo  ovo 
OJ  ^  o 

"Svo  lr 

•-  »-  6C 

6o  o  iriirv      to 

•-  oj  j*       m 

vo  vo  h- 
»-       vo 

0J           v- 

Kxvovoieo^t  voi  --  •-  ^!ir\r-r-iir\eo^i-^-  j-  oj]  en  ix^Q  cvj  eoo 
owmcfv--  Mi""»6o  «-|3-  vo  vovo  o  oj       to  ^j  o  *-  r--oj  ireo 
ltx          oj  cvo  cn^-  oj1      —  oj  eo  r—  ^-\      ^-v-[^rvo    J       *- 

0J 

en 
o 

*/* 

en 

OJ 

CVJ  — 

O  IX 

O  «-  OJ 

^*  —  i-^ 

^t  »OOJ 

ir\r- 

J*   60 

o 

60  J   O 

—  irver  enroo 

60^* 

OJ    60   O 

ir»r-r- 

^ 

60 

1 

OJ 

OJ  cvj" 

rlr^ 

rAj^  OJ 

O  60  »- 

vo 

•-  irScn  r-^ 

60  VO 

MUTvOj  r-^Jro  to  r- 

*-  cnc\j  i^ 

—  en  if  i  J   *-  xA         oj 

OJ 

"" 

^-«=t 

*~  ■" 

VO  OJ  OJ 

^J  ir 

m 

OJ 

•" 

— 

J- 

.3 

OJ 

o 

CO 

z 

3 

1 

to,       ir> 

O  Cvj 

r^-er 

cvj  o  o 

60    O  O 

KAcn*- 

o 

ur\ooj 

utvoj 

r— j- 

OlAO   O 

o\o  o 

IT\0  O 

I 

r-  ir v      r--  irv  c 

cvj  ovo 

5 

h- 

3 

to       CJ 

O  CVJ 

60^ 

ir\«—  ir>           o 

r^eo  rs*-o  •- 

Ifx^I 

Ocnirvj- 

10  en  ovo  o  eo 

voeo       j-urvQ«-o»-J 

o 

as 

< 

LTV         -~ 

OJ  o 

r<~v  IC^KD 

to  r—r-j           ir> 

cn.^  o 

ro  eo 

J    Ox 

o  ir»r— vo 

o  cno 

W  O  h- 

eo  r*-      cvj  vo  i^tvo  to  a           •- 

to 

3 

60          O 

to  en 

K>CT 

^t  r-^cvj' 

UrvKMTl 

OJ 

60  60  CVJ 

r--v  *- 

*-  o 

OJJCJXi*    ^lOL'Vt 

J  '  «o. 

ro  if\r- 

en 

Z 

■g 

■-       r- 

to  OJ 

r~-  *- 

w^t  »- 

K\  »-  OJ 

■d- 

^  VO  »- 

cn-^ 

r--vo 

^j-;cy  —  oij*  r— vo 

J-  cr.— 

ir\  k>      oj  c  oj 

vo  ro^r 

CM 

en 

0 
0 

1 

wi 

•-  0J 

*"  *" 

OJ   OJ  w- 

OJ  OJ 

*~ 

OJ 

OJ      |        —  — 

vo 

ti 

0 

■I 

to 

Oh 

Q 

> 

Q 

0 

- 

5! 

1^-        f 

o.-* 

en  60 

60   OVO 

o  cnen 

o 

O  Of    O  OJ 

LTvvO^t    O  •- 

irv=t 

O 

o  o  o 

o^t  o 

—  I^-O  ^t  o 

^t  oj  r-  if  x  —  urk           eo 

irv 

^J 

VO          CVJ 

vo  en 

1— CT 

j3   O  ^ 

^K^r- 

o 

o 

0~.  CVJ   60 

eo  vo  olvo  vo  o  ro  o 

cno  eo 

0  J  VO  If  t              M 

en 

^ 

.-          K" 

W3^* 

trvvo 

r^vo  r^ 

60  J"   C 

o 

en  encneo  eo 

CT\^ 

ir 

•-   UT\CVJ 

eo  irvojvo  vo  vo 

r--  to 

^t  ro  if ,  cvj  vo  ifK          — 

IfN 

^N 

13 
il 

s 

f~          IT 

if\»- 

60  60 

cn»*" 

o  t^-ir 

o  r^-ir 

vo 

r—  vo  tr 

envo 

O   IT\ 

OJ  o 

60 

eni — k-  oj  oj  eo 

M  J4] 

•-    LT\ 

OJ   fOwJ 

r—  ovKi          ir\ 

ro 

ro       O 

vo  ir\ 

J   OJ  CVJ 

OC\JN 

60 

r^vrOCVJ 

-d    60 

irvoj  q 

envo  oj 

60  to  O. 

O   O 

*     *-    T* 

cvj  r-r-- 

en 

*fc 

k-uj 

r*"\OJ 

lo^t^t 

irvt 

cu  r-^ 

CVJ 

--  ir» 

OJ  OJ 

60 

* 

w 

I 

I 

o 

r— —  vo 

to  a\J- 

r-cu  o 

r-OJvo 

nh-cjo4  — 

r— ^*  cr 

en  cu  f 

K\  J   OJ 

^t  tovo 

O  OJ  60 

to  J"  - 

cu  vo 

*-  ^t  ^j  o  cnirjvj*  vo  c 

60        O 

OJ 

3 

o  to  O 

C\JJ  J- 

r-Kvt 

OVO  IT 

-Olf 

oj  vo  r^ 

ovo^t 

^  --  ir 

cn»-  i- 

•-  ec  LT,cn«-  i>  tovo  vol 

o 

ovo  ir ,o  r—  H 

rovo^ 

,=f 

,_ 

vt< 

VO           OJ 

r~ 

vo 

--  ro 

OMOK 

OJ 

«-  r—  ir 

-^  rf 

60  »- 

^  OJ  iT.ro        60 

*-  »-  r«- 

to 

*-  uio 

--  —  0. 

OJ 

^ 

05 

S 

fa 

O 

1-H 

Z 

0 

urv  roeo 

rO  —    O 

o  irvr- 

^  O  — 

vovo  ir 

«-  eo  ir 

LTVO  ^> 

vo  vo  ^ 

^  irvoj 

o  r— K-  r--\cvj  ureo^vo 

CTxKA^J 

«-  60  C 

—  irv  a»cn  o  a.cvj  voo 

63 

ro 

r—t«Mr 

rOrO  O 

irvvo  i^- 

•-  04 

envo  enen^f  cr 

60   60   QO   O   r- 

enoj^j- 

r^-vo  6C 

C  h-r*- 

^t  r—ir  omtvO 

eo  a^enr-  r—  cvj 

--  r— vo  oj  if  \  to  o  vo  vol 

en  end- 

•a 

en  en  en 

60VO   CVJ 

r^vvo  C7 

O  »-  OJ 

o  o  o 

cr.  ifv=t 

*-  vo  eo 

encu  k-vo  cneo 

eo  to  r-t  •-  irv^r 

cvj  ro  o 

VD  tOVD 

cnoj  vp  r--  en  oc 

J*    rove 

vo  ovo 

o 

< 

irvcncvj 

OJ  OJ   — 

^-^VO 

^    <T^t 

•-  cno 

eo  «-  to 

oj  r— c 

i^ —  irwo 

kJD  60  cr 

O  tocvj 

3  r^> 

•-  Ovolif«cntor*-cnrorir\--r-J! 

cvT 

I* 

3 

£ 

1 
1 

ror—  tn 

OJ   OJ   K^ 

^r  lt*j3 

«-   60VO 

NWO 

OJ  vovo 

urvcvj  ^ 

«-  envo 

K\«-  CM 

irv^j-  lt  trx  r—  ir 

r-OW 

•- vo  iPrvo  cno. 

K)JJ 

;*     J- 

LT\ 

I 

vo  —  — 

ro  —  — 

CVJ  K- 

•-    UTv 

r*-\rocvj 

■" 

OJ  ^t   IT 

L^     — 

K\  ^ 

--  too  CVJ        f 

»-  —  r- 

CVJ 

—  ro—:        •-  o. 

to. 

r»- 

w 

z 

0 

u 

83 

Cvj" 

1 

2 

O 

PQ 

O 

« 

o  i*-  cnl  en  —  ^J- 

irvcn^t 

cnoj  f^- 

CVJ   O  CVJ 

k^vo  r*- 

OJVO  o 

ovoir 

oj  r-vo 

enr-o 

r-r—  ir 

tOJ  o 

in^  cr 

to  r«-v  J- 

CJ  60  OJ 

60  OJ   — 

o^^*^vi  voir 

r*_ 

O 

en  ro  to  —  if\  — 

—    O  60 

ir\.-  ir 

en  en  cr 
oj  oj  r- 

IT\K\  •- 

<o  ener  ir»r*-\^iLr\o  k- 

VO   60   O 

irvo  cvj 

OJ   CVJ    60   O   60   6d 

— ■  OJVO 

eo  crevj 

13 
II 

en  cvj  roleo  —  vo 

cnrO60 

rooj^j 

-*  en  eo 

•-  O  If 

cr.vo  to 

OJ  o  o 

K\  v-  VO 

60   ITXCVJ 

VO    —   OJ 

eo  en  c  to  ooj 

o- 

vo  envo 

O  60   U> 

60  cnK> 

O   60  60 

r-~v  r^vO 

vo  vovo 

eo^t  ^ 

VO  VO   f- 

dvoo 

to^j  OJ 

•-     r-    OJ 

enr— vo 

crv^r  r^- 

rocnif  iO  60  cvi! 

4    MH-,(\J    —CVJ 

r— .^  o 

o  ur\r- 

en  ovo 

OVOOJ 

60  r—  o 

ITvOJ   K> 

o  irvcu 

J3    •-  — 

K   rOVO 

r-  too 

O^t   — 

o^t  ^J 

to  — 

OJ  OJ  Ji 

UvroOJ 

i>-  enr-  en     o 

vo 

u 

CO 

o 
fa 

OJ  OJ  rO 

■JO  OJ  OJ 

trvr- 

—  cu  — 

r-  r— vo 

OJ    w    *- 

irvto  o 

60^*   — 

<£>   ^ 

rovo  oj 
01 

ir\»-  r- 

OJ 

0J   CVJ  J"         VO 

1 

oj  r-  oj 

OJ^t  j- 

vo 

r*i 

60 

UTV 

0J 

o 

k-J 

^  irwo 

to       o 

60          K" 

O  r-^ 

vo  vo  en 

(-—•-*- 

to  en»- 

VOVO   1— 

^O   ^-  OJ 

vo  *-  cr 

vo  tovo 

eo^j  eo 

J  t<-> 

cnoj  oj 

Ifv^l    If 

OJ  r*",  CO 

vovo 

to 

^^ 

(A 

i 

<T»0^f 

OJ          OJ 

r*-       eo 

r— r-cr 

K\ovO 

f\OJ  »- 

ty     r-r- 

o  trveo 

ro  r—  oj 

O  roto 

eo        eo 

rotors 

fOCVJ 

r-  vo  vo 

enr--  a 

tfx  to  CVJ 

60 

OJ* 

OJ 

^  VO  CVJ 

VO   K1 

r-  irvr- 

-o  ro 

—  —  .3- 

ir\      •- 

j*  inr^ 

vo 

-         -U- 

un 

3 

< 

s 

r^ 

to 

^ 

b 

rocn  — 

o      — 

to  irwo 

r^v  60  60 

o  r—  un 

60  O  O 

r-eo  o 

•-   ITMT 

cn^vo 

Ovo  •- 

enrot^ 

J*  VO  60 

oo\ 

en  too 

j-  eo  ec 

ifv^*  — 

O  OJ 

VO  —  — 

u~\      oj 

\s>  *-  o 

kO    •-  UP 

r—  60  to 

•-  enm 

r—  irver 

M    Op- 

—   CTvJ* 

LTV60  o 

<£>  60  to 

cvj  r— to 

•-  VO  Oi  to  ro,  60 

r—  —  en 

ir\eo 

^ 

q 

Z 

3 

rovo  to 

r—       r- 

r-o  »- 

J  VDVD 

vo  oj  cr 

60   60VO 

<-  r-^* 

JJ.-^ 

r—  to  to 

KMTNr- 

r^-oj^t 

r^\  CTv 

IfMCV  — |  tO  O  VO 

VO   —  ro 

in 

Ul 

r-<ntO 

Lf\         60 

^i- vovo 

O  CVJ  o 

vo  r— Oj 

O   •-  OJ 

^   IT\K 

kD    O  CVJ 

enr-ot^ 

60  ^t  ir 

(OOVr- 

LPv  — 

OJVOVO 

vo  en  if 

C   t—  60 

cr.  eo 

en 

1 

i 

co-=l-  m 

r-       en 

f«-\         OJ 

>X>   KVO 

j*  «-vo 

OJ   C  CVJ 

VO  OJ    »- 

eo  a^t 

ITWD  r^ 

CTxOJ   IT 
CVJ           OJ 

O  r— k> 

r— vo 

IfvrO  — 

60  to  o 

fO,  —  ifl 

—   ro 

VO 

OJ 

vo  cu 

60   ^   »- 

^  - 

r-  tn 

—       ir 

ro  — ^t 

U"> 

—    —  OJ 

3 

w 

u 

| 

0* 

6C 

fa 

a 
z 

fa 

3 
0 

o 

q 

.-*   tO  — 

CVJ        vo 

r— o  oj 

t—  ir\«- 

cn-=r  cvj 

r-oj  o 

r—  .-vo 

OJ  J"   60 

o  o  — 

OJ   ^ 

ir\o  r*- 

r—enro 

60  O 

—  vo  t— 

o  o^j- 

C  ^  VO 

Q  •" 

to 

u] 

j-±  r*-eo 

oj       r— 

rOf\60 

cvj  to  r- 
O  uVo 

r«-\r--ir< 

r^vo  o 

-=1  ^C 
vo  enj^ 

KD    —   C 

<o  OJ^J 

ovo  o 

irvirwo 

o  to  en 

to  r— OJ 

Cvj   O 

mcvj  ^f 

&8fi 

5  ifxoj 
3-  o  en 

O  If  v 

ir» 

13 

—  r— to 

r-       to 

ur\o  cvj 

roirvvo 

vo  •-  ro 

cn.3-  t^ 

^  ovo 

O  60  PO 

eo  vo  en 

h-  <T\ 

—  r^-oj 

ro  eo 

to 

s 

ifvr— eo 

oj        en 

enevj  r^ 

60  cno 

to  -d-  cr 

*-   KMTV 

r-^r-.J' 

OJ    ^VD 

JJVO  io 

en*-  r^ 

r-oj  o 

—  o  r— 

O  CP» 

en  if  v  if 

ir\«-  o 

cvj  vo  to 

eo  r— 

o" 

j 

■P 

r-oM^ 

o       en 

vo  •-  tr 

envo  -- 

r^-  r^ro 

J"    ^J- 

OJVO   K' 

r— eo  c 

to  r-eo 

—  ovo 

cn^f  — 

eo  tor- 

irv^* 

o  cnoj 

inoc 

vo  roto 

to  r-- 

ifv 

Q 

•-        to 

ur\      «- 

OJ  j- 

r^-cvj  ir> 

OJ 

—   CO  OJ 

r-   rOVO 

f\«- 

to—  o 

\c\      in 

urvro  eo 

""  — 

—  o 

CVJ  1^,  CVJ 

OJ   OJ.3- 

OJ 

O 

H 

0 

t2(2 

<** 

*~ 

•" 

•" 

•" 

Sir 

tS 

75 

u 

.2 

< 

h 
0 

F 

ill 
III 

111 

pi 

ill 

--0 

ill 

2=  c 

III 

I  J 

HI 

1    a 

■a|| 

hi 

.3.1  § 

a 

lis 

2ZZ 

a 
.H3 

zzo 

a 

I J 

^  "  2 
00a. 

•0.5  3 

c*o  0 

■Sc3S 
'  I" 

| 

0 

g 

111 
ill 

u.a  e* 

1 

I    8 

?    s 

||| 

0S(£ 

t.S.  GOVERNMENT    >>  HINTING    OrFirr.  :   1940 


PUBLICATIONS  of  the  PUBLIC  ROADS  ADMINISTRATION 


Any  of  the  following  publications  may  be  purchased  from 
the  Superintendent  of  Documents,  Government  Printing  Office, 
Washington,  D.  C.  As  his  office  is  not  connected  with  the 
Agency  and  as  the  Agency  does  not  sell  publications,  please 
send  no  remittance  to  the  Federal  Works  Agency. 

ANNUAL  REPORTS 

Report   of   the  Chief  of   the   Bureau   of   Public   Roads,    1931. 
10  cents. 

Report   of   the   Chief   of   the   Bureau   of   Public   Roads,    1933. 
5  cents. 

Report   of   the  Chief   of   the   Bureau   of   Public   Roads,    1934. 
10  cents. 

Report   of   the   Chief   of   the   Bureau   of   Public   Roads,    1935. 
5  cents. 

Report   of   the  Chief   of   the   Bureau   of   Public   Roads,    1936. 
10  cents. 

Report   of   the   Chief  of   the   Bureau   of   Public   Roads,    1937. 
10  cents. 

Report   of   the   Chief  of  the   Bureau   of   Public   Roads,    1938. 
10  cents. 

Report   of   the   Chief  of   the   Bureau   of   Public    Roads,    1939. 
10  cents. 


HOUSE  DOCUMENT  NO.  462 

Part  1  .  .  Nonuniformity  of  State  Motor-Vehicle  Traffic 
Laws.     15  cents. 

Part  2  Skilled  Investigation  at  the  Scene  of  the  Acci- 

dent Needed  to  Develop  Causes.     10  cents 

Part  3  .  Inadequacy  of  State  Motor-Vehicle  Accident 

Reporting.     10  cents. 

Part  4  .  Official  Inspection  of  Vehicles.     10  cents. 

Part  5  .  .  Case  Histories  of  Fatal  Highway  Accidents. 
10  cents. 

Part  6  .    .    .    The  Accident-Prone  Driver.     10  cents. 

MISCELLANEOUS  PUBLICATIONS 

No.  76MP    .    .   The  Results  of  Physical  Tests  of  Road-Building 

Rock.    25  cents. 
No.  191MP.    .    Roadside  Improvement.     10  cents. 
No.  272MP  .    .   Construction  of  Private  Driveways.     10  cents. 
No.  279MP  .    .    Bibliography  on  Highway  Lighting.     5  cents. 
Highway  Accidents.      10  cents. 
The  Taxation  of  Motor  Vehicles  in  1932.     35  cents. 
Guides  to  Traffic  Safety.     10  cents. 
An  Economic  and  Statistical  Analysis  of  Highway-Construction 

Expenditures.     15  cents. 
Highway  Bond  Calculations.     10  cents. 
Transition  Curves  for  Highways.     60  cents. 
Highways  of  History.     25  cents. 


DEPARTMENT  BULLETINS 

No.  1279D 


Rural  Highway  Mileage,  Income,  and  Expend! 

tures,  1921  and  1922.     15  cents. 
Highway  Bridge  Location.     15  cents. 


No.  1486D 

TECHNICAL  BULLETINS 

No.  55T  .    .    .    Highway  Bridge  Surveys 
No.  265T.    .    .   Electrical    Equipment    c 
35  cents. 


20  cents. 
Movable 


Bridges. 


Single  copies  of  the  following  publications  may  be  obtained 
from  the  Public  Roads  Administration  upon  request.  They  can- 
not be  purchased  from  the  Superintendent  of  Documents. 

MISCELLANEOUS  PUBLICATIONS 

No.  296MP.    .    Bibliography  on  Highway  Safety. 

House  Document  No.  272    .    .    .    Toll  Roads  and  Free  Roads. 

Indexes  to  PUBLIC  ROADS,  volumes  6-8  and   10-19,  inclusive. 

SEPARATE  REPRINT  FROM  THE  YEARBOOK 

No.  1036Y  .    .    Road  Work  on  Farm  Outlets  Needs  Skill   and 
Right  Equipment. 

TRANSPORTATION  SURVEY  REPORTS 

Report  of  a  Survey  of  Transportation  on  the  State  Highway 

System  of  Ohio  (1927). 
Report  of  a  Survey  of  Transportation  on  the  State  Highways 

of  Vermont  (1927). 
Report  of  a  Survey  of  Transportation  on  the  State  Highways 

of  New  Hampshire  (1927). 
Report  of  a  Plan  of  Highway   Improvement  in  the  Regional 

Area  of  Cleveland,  Ohio  (1928). 
Report  of  a  Survey  of  Transportation  on  the  State  Highways 

of  Pennsylvania  (1928). 
Report  of  a   Survey  of  Traffic  on   the   Federal-Aid   Highway 

Systems  of  Eleven  Western  States  (1930). 

UNIFORM  VEHICLE  CODE 

Act  I. — Uniform  Motor  Vehicle  Administration,  Registration, 
Certificate  of  Title,  and  Antitheft  Act. 

Act  II. — Uniform  Motor  Vehicle  Operators'  and  Chauffeurs' 
License  Act. 

Act  III. — Uniform  Motor  Vehicle  Civil  Liability  Act. 

Act  IV. — Uniform  Motor  Vehicle  Safety  Responsibility  Act. 

Act     V. — Uniform  Act  Regulating  Traffic  on  Highways. 

Model  Traffic  Ordinances. 


A  complete  list  of  the  publications  of  the  Public  Roads  Ad- 
ministration, classified  according  to  subject  and  including  the 
more  important  articles  in  PUBLIC  ROADS,  may  be  obtained 
upon  request  addressed  to  Public  Roads  Administration,  Willard 
Bldg.,  Washington,  D.  C. 
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SOIL  DISPLACEMENT  UNDER  A  LOADED 

CIRCULAR  AREA1 

BY  THE  DIVISION  OF  TESTS.  PUBLIC  ROADS  ADMINISTRATION 


Reported  by  L.  A.  PALMER,  Associate  Research  Specialist,  and  E.  S.  BARBER,  Junior  Highway  Engineer 


THIS  REPORT  describes  a  procedure  for  evaluating 
the  supporting  characteristics  of  the  subgrade  under 
flexible  types  of  pavement.  The  procedure  uses 
laboratory-determined  stress-deformation  curves  for 
the  subgrade  soil  in  conjunction  with  rational  theoret  tea  I 
analyses.  The  method  of  approach  does  not  include  the 
making  of  penetration  and  loading  tests  directly  on  the 
subgrade,  a  procedure  that  has  various  disadvantages. 
A  correlation  between  measured  deflections  of  the  sub- 
grade  under  wheel  loads  and  the  deflections  computed 
from  laboratory  test  data  and  theory  is  an  indicated 
experimental  procedure  that  should  extend  knowledge 
in  this  field. 

The  system  of  stresses  at 
any  point  within  a  semi- 
infinite,  elastically  isotropic 
body  produced  by  a  uni- 
form load  over  a  circular 
area  at  the  surface  has  been 
determined  by  A.  E.  H. 
Love2  and  S.  D.  Carothers.3 
Formulas  for  the  vertical 
displacement,  V,  at  any 
point  of  the  elastic  body 
due  to  the  surface  load  are 
given  in  various  texts4 
dealing  with  the  theory  of 
elasticity.  The  use  of  such 
formulas  involves  knowl- 
edge concerning  two  elastic 
constants — Poisson's  ratio, 
H,  and  the  modulus  of  elas- 
ticity, E.  Test  data  as  reported  by  Terzaghi 5  and 
others  show  that  the  deformations  of  soils  under  load 
are  not  characteristic  of  elastic  materials.  Hence,  there 
is  difficulty  in  applying  the  formulas  based  on  the  as- 
sumption of  elastic  properties. 

The  purpose  of  this  report  is  to  indicate  a  method  of 
computing  vertical  displacement  in  soil  due  to  a  uni- 
form load  over  a  circular  area  by  the  use  of  triaxial 
compression  test  data.  The  vertical  displacement  or 
settlement  so  computed  is  that  caused  solely  by  lateral 
yield  of  the  soil.  It  is  assumed  that  this  type  of 
settlement,  SL,  is  completed  prior  to  the  occurrence  of 
any  settlement  due  to  consolidation  of  the  supporting 
soil.  A  modulus  of  deformation,  C,  is  used  in  the 
formulas  instead  of  the  modulus  of  elasticity,  E,  and 
since  it  is  assumed  that  the  settlement,  SL,  occurs  at 
constant  volume,  n  is  necessarily  equal  to  %. 

'  Paper  presented  at  the  Twentieth  Annual  Meeting  of  the  Highway  Research 
Board,  December  3,  1940. 

2  The  Stress  Produced  in  a  Semi-Infinite  Solid  by  Pressure  on  Part  of  the  Boundary, 
by  A.  E.  U.  Love.  Philosophical  Transactions  of  the  Royal  Society,  series  A,  vol. 
228,  1929. 

3  Test  Loads  on  Foundations  as  Affected  by  Scale  of  Tested  Area,  by  S.  1).  Ca- 
rothers. Proceedings,  International  Mathematical  Congress,  Toronto,  pp.  527-549, 
1924. 

1  See  for  example  equations  203  and  204,  page  335,  of  Theory  of  Elasticity,  by  S .  Timo- 
shenko.    McGraw-Hill  Book  Company,  first  edition,  1934. 

5  Determination  of  Consistency  of  Soils  by  Means  of  Penetration  Tests,  by  Charles 
Terzaghi.     PUBLIC  ROADS,  vol.  7,  No.  12,  Feb.  1927. 
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Various  formulas  for  use  in  the  design  of  flexible- 
type  pavements  have  been  advanced  in  the  past,  but 
the  theories  and  assumptions  upon  which  they  have 
been  based  have  not  permitted  of  experimental  verifica- 
tion. In  a  rational  design,  knowledge  of  the  stress- 
deformation  characteristics  of  the  subgrade  soil  is 
essential.  Such  knowledge  would  make  it  possible  to 
set  up  maximum  allowable  deformations  of  the  base  to 
serve  as  criteria  for  use  in  designing  the  surface. 

This  report  presents  a  method  of  evaluating  the  sup- 
porting characteristics  of  the  subgrade  under  flexible- 
type  pavements,  and,  for  the  first  time,  suggests  definite 
experimentation  that  can  be  made.  It  is  felt  that  the 
suggested  method  has  considerable  promise  and  an 
extensive  study  is  warranted  to  check  the  theory. 
Accordingly,  a  series  of  tests,  including  large-scale 
outdoor  tests,  is  planned  to  substantiate  the  theory  or 
to  determine  what  modification  may  be  necessary. 


The  modulus  of  deformation,  C,  is  herein  defined  as 
the  ratio  of  stress  to  deformation  without  regard  to  the 
nature  of  the  deformation  whether  it  be  elastic  or 
plastic  deformation  or  both. 

The  method  of  analysis  used  in  this  paper  for  the 
case  of  a  uniform  load  over  a  circular  area  may  be 
applied,  with  certain  modifications,  to  the  case  of  a 
parabolic  or  conical  distribution  of  load  over  the 
circular  area. 

MODULUS  C  DETERMINABLE  FROM  STABILOMETER  TEST  DATA 

In  stabilometer  tests,  cylindrical  soil  samples  encased 
in  rubber  sleeves  are  compressed  to  failure  by  applying 

a  vertical  load  with  or  with- 
out lateral  pressure.  Lat- 
eral pressure  is  applied  by 
air  or  fluid  and  is  constant 
during  an  individual  test. 
The  decrease  in  length,  A  h, 
of  the  sample  with  increas- 
ing vertical  load  may  be 
measured  by  means  of  a  mi- 
crometer dial  attached  to 
the  moving  plunger  or  by  an 
automatic  recording  device. 
The  initial  length  of  the 
sample  is  designated  as  h. 
A  more  complete  descrip- 
tion of  plotting  the  stabilo- 
meter test  data  in  connec- 
tion with  computing  C  has 
already  been  published.6  In 
figure  1,  the  portions  of  the  three  curves  for  which  the 
vertical  pressure,  v,  is  less  than  the  lateral  pressure,  /. 
have  been  omitted  and  the  coordinate  axes  have  been 
moved  to  the  right  so  that  the  point  where  l=v  falls 

+  t     Ah      n      • 
on  the  -r=  0  axis. 

h 
In  figure   1,  the  slope  of  any  of  the  secant  lines  is 
taken   as   the  modulus  of  deformation,    C,   within   the 
range  of  loading  indicated.     The  more  nearly  straight 

the  line  representing  the  v  versus  -y-  relationship,  the 

more  nearly  the  secant  modulus  becomes  a  tangent 
modulus.  The  greater  the  curvature  of  the  line  re- 
presenting the  v  versus  -r-  relationship,  the  greater  is  the 

divergence  of  the  secant  line  from  the  curve.  Usually 
this  divergence  increases  with  increasing  load. 

From  the  theory  of  elasticity,  the  vertical  strain  e2, 
at  any  point  on  the  axis  of  loading  in  the  stressed  earth 
below  the  uniformly  loaded  circular  area  of  radius, 
a,  is 


"'I'h"  Settlement  of  Earth  Embankments,  by  L.  A.  Palmer  and  E.  S.  Barber. 
PUBLIC  ROADS,  vol.  21,  No.  9,  November  1940. 
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Figure  1. — -Load-Compression  Test  Results. 

where  ,:  is  the  depth  of  the  point;  1*  is  the  vertical  dis- 
placement at  the  point;  and  pz  and  pT  are  normal 
stresses  in  the  vertical  and  radial  directions,  respec- 
tively, acting  at  the  point. 

If  instead  of  E,  the  modulus  of  deformation,   ( ',   is 
used  and  taken  as  a  constant,  equation  1  becomes 

^=£(P;-2nPr)--  -(2) 

The  expressions  for  the  normal  stresses,  pz  and.  pT,  are 


and 


*-§[. 


2(l+/x)2 


(a2+22)^  '  (a 


mWlt 


(4) 


where  /;  is  the  unit  surface  load.  The  origin  of  coor- 
dinates is  taken  at  the  center  of  the  circular  area  of 
earth  surface.  By  substituting  equations  3  and  4  in 
equation  2  and  integrating  between  the  limits  z  and.  oo , 
there  results 


maximum   T 


'-$?-** 


)(a2+z2V 


(1+m)z2 


(a2-f-22)^ 
+  (M  +  2^2-l)2]   __  ._(5) 
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Figure  2.- — Settlement  Under  Center  of  Uniform 
Circular  Load. 


or  in  general, 


maximum  V—-pF 


(7) 


where 


F=(5 


Wi+(§)' 


(1+ 


*<§)* 


i  + 


ay 


4-(M  +  2M2-l) 


F  may  be  called  the  "settlement  factor."  In  figure 
2,  F  is  plotted  against  values  of  z/a  for  values  of  0,  0.2, 
0.3,  0.4,  and  0.5  assigned  to  p..  It  is  observed  that  the 
value  of  m  has  but  little  influence  on  the  value  of  F  if 
z/a  exceeds  unity. 

SHAPE  OF  LOADED  AREA  HAS  LITTLE  EFFECT  ON  SETTLEMENT 


In  equations  5  and  0,  z  can  have  any  value. 
M  =  K  and  2  =  0,  equation  6  becomes 


SL= 


__  3pa 


For 


(8) 


which  is  the  total  settlement  due  to  lateral  yield  from 
the  load  down  to  infinite  depth,  and  it  also  is  the  down- 
ward displacement  of  a  soil  particle  at  the  center  of  the 
circular  surface-contact  area.  Equation  8  gives  SL 
along  the  centerline.  At  points  removed  from  the 
centerline,  the  settlement  is  less  than  this  value.  Ac- 
cording to  Timoshenko4  the  average  settlement  under 
the  uniformly  loaded  circular  area,  which  is  the  average 
deflection  of  all  points  over  the  circular  contact  area,  is 
85  percent  of  the  maximum  deflection  at  the  center. 
Timoshenko4  also  shows  that  the  average  settlement  un- 
der a  uniformly  loaded  circular  area  is  practically  the 
same  as  that  under  a  uniformly  loaded  square  area.  He 
shows  further  that  the  average  settlement  under  a 
uniformly  loaded  rectangular  area  having  sides  of  ratio 
2:1  is  about  4  percent  less  than  that  realized  in  the 
case  of  the  circle  or  square.  Thus  the  effect  of  shape 
of  loaded  area  on  settlement  is  not  so  important  as 
might  at  first  be  thought. 

4  Theory  of  Elasticity,  by  S.  Timoshenko.    McGraw-Hill  Book  Co.,  first  edition, 
1934,  pp.  338  and  339. 
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The  depth,  z,  figure  2,  may  be  considered  as  the 
thickness  of  an  incompressible  yet  flexible  layer,  in- 
finite in  lateral  extent,  below  which  there  is  yielding  soil 
of  infinite  depth.  Such  a  condition  may  be  realized  for 
practical  purposes  if  a  bed  of  stabilized  soil-aggregate 
is  spread  over  a  clay  soil  and  a  load  is  applied  to  the 
stabilized  surface.  The  settlement  in  this  case  would  be 
due  entirely  to  yielding  of  the  clay  if  the  thickness,  z,  of 
the  soil-aggregate  bed  is  assumed  to  remain  constant 
under  load  and  to  have  no  flexural  strength.  Then,  as 
shown  in  figure  2,  for  given  values  of  p  and  C,  increasing 
the  ratio,  z/a,  either  by  increasing  z  or  deereasine-  a, 
reduces  the  settlement  factor,  F,  and  hence  the  value 
of  SL. 

This  reasoning  is  based  on  the  simplifying  assumption 
that  the  bed  of  material  of  thickness  z  and  the  more 
yielding  material  below  it  comprise  a  single  homo- 
geneous and  isotropic  mass  of  material  insofar  as  the 
system  of  stresses  is  concerned.  As  pointed  out  pre- 
viously,7 a  very  similar  assumption  has  been  made  and 
used  to  very  good  advantage  in  estimating  the  settle- 
ments of  structures  supported  by  one  or  more  layers  of 
compressible  soil  with  one  or  more  intervening  layers 
of  sand. 

For  a  uniform  load  on  a  circular  area  at  the  surface, 
the  maximum  shearing  stress  at  each  point  on  the  axis 
of  loading-  is 


-0) 


ix=2^Pz~  P*)- 


where    the   difference,  pz—pr,    is    the    principal    stress 
difference. 


From  equations  3  and  4, 
P-Pr-P\~^E+  (1+m)  (0»+««)M-2(a»+3*)*]     -(1 


(II 


=VJ 


where 


1-2,,     {l+fx)a       3 
J         .) 


V-©'  \Mif 


Values  for  the  principal  stress  differences  at  different 
depths  on  the  axis  of  loading  and  for  different  values  of 
(J.  are  shown,  in  figure  3.  It  may  be  noted  from  tins 
figure  that  for  m  =  K,  the  maximum  principal  stress 
difference  is  equal  to  0.58p  and  occurs  at  the  depth, 
,~  =  0.71a. 

It  is  necessary  to  bear  in  mind  that  pz—pr  is  the 
difference  between  the  vertical  and  lateral  pressures 
on  the  axis  of  loading.  Obviously  there  could  be  no 
lateral  yielding  of  the  supporting  soil  if  pt  and  pT  were 
equal  in  magnitude  and  of  the  same  sign  at  all  points. 

In  figure  1,  the  points  A,  A',  and  A"  were  selected 
so  as  to  give  v—l  the  same  value.  In  general,  the 
modulus,  C,  obtained  from  the  slopes  of  secant  lines, 
such  as  OA,  O'A',  etc.,  vary  somewhat  with  the  mag- 
nitude of  the  lateral  pressure,  /,  maintained  constant 
during  a  single  test.  Uusally  the  value  of  C  is  lowest 
forthe  curve,  1=0.  The  procedure  in  this  paper  is  to 
use  an  average  value  of  C  obtained  from  two  or  more 
curves  of  the  type  shown  in  figure  1  for  a  definite  value 
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Figure  3. — Principal  Stress  Difference  Under  Center  of 
Uniform  Circular   Load. 

of  v—l,  applicable  to  the  particular  problem.  The 
value  of  v—l  which  determines  the  average  O  to  be 
used  is  the  maximum  principal  stress  difference  at 
any  point  within  the  yielding  soil  mass  and  on  the  axis 
of  loading.  Obviously  this  procedure  is  on  the  side  of 
safety. 

EXAMPLE  ILLUSTRATES  USE  OF  PRINCIPLES 

The  use  of  these  principles  may  be  illustrated  by  an 
example. 

Assume  the  existence  of  a  clay  layer  extending  from 
the  earth  surface  to  an  infinite  depth.  Assume  there  is 
a  uniform  load  at  the  surface  of  3  tons  per  square  foot 
distributed  over  a  circular  area  having  a  radius  of  10 
feet.  Taking  ^  as  l/2,  the  greatest  principal  stress 
difference  on  the  axis  of  symmetry  is  at  a  depth  of 
0.71a=0.71X10  =  7.1  feet.  'Soil  samples  taken  at  this 
depth  have  the  stress  deformation  characteristics 
shown  in  figure  1.  The  greatest  principal  stress 
difference  =  0.58p  =  0.58X6,000  =  3,480  pounds  per 
square  foot. 

On  the  curve,  1=0,  figure  1,  for  v— £  =  3,480,  y=3,480 
pounds  per  square  foot.  This  is  at  point  A  on  this 
curve.     The  secant  line,  OA  is  drawn. 

The  slope  of  OA  is      '  '       or  362,000  pounds  per 

square  foot,  the  value  of  C  from  this  curve.  For  the 
curve  obtained  with  £=1,440  pounds  per  square  foot 
in  the  triaxial  test,  the  point  A'  is  determined  by  adding 
1,440  to  3,480  to  obtain  a  value,  #=4,920  pounds  per 
square  foot.     The  corresponding  percentage  deforma- 

o    AQCi 

tion  is  0.6S.     Then   C  from   this  curve  is    '  '  n  ,„   or 

512,000  pounds  per  square  foot.  Similarly,  from  the 
secant  line  O"  A"  for  i\\e  curve,  1=4, 320  pounds  per 
square  foot,  C  corresponding  to  v= 7,800  pounds  per 


square  foot  on   the  curve,   is  computed  as  -. 


3,480 


0.00(35 


01 


535,000  pounds  per  square  foot.  The  average  modulus 
is  then  1/3  (362,000  +  512,000  +  535,000)  or  470,000 
pounds  per  square  foot. 

In  this  problem,  the  depth  of  a  layer  or  zone  wherein 
compression  due  to  yielding  does  not  occur  is  zero  and 
hence  z/a  is  zero.  From  figure  2,  for  z/a=0  and 
M=l/2,  F=l.5.     Then 


7  Stresses  Under  Circular  Loaded  Areas,  by  L.  A.  Palmer.    Proceedings  of  the 
Highway  Research  Board,  vol.  19,  1939. 


L      ('  '    470,000   A 


0.19  foot,  or  about  2.3  inches. 
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Suppose  now  that  there  is  a  bed  of  compact  sand  5 
feet  thick  at  the  surface  and  that  the  clay  is  below. 
Neglecting  the  lateral  displacement  or  vertical  com- 

5 
paction  of  the  sand,  with  z/a=r-x= 0.5,  the  displace- 
ment factor,  figure  2,  is  seen  to  be  reduced  from  1.5  to 

1  33 
1.33  and  the  value  of  SL  is  reduced  to  2.3Xtt  =  2.0 

l.o 

inches.  Similarly,  if  the  bed  of  sand  is  10  feet  thick, 
z/a  becomes  1  and  F,  figure  2,  is  1.06. 

With  a  bed  of  compact  sand  10  feet  thick,  the  greatest 
principal  stress  difference  is  in  the  sand  and  not  in  the 
clay.  The  greatest  principal  stress  difference  in  the 
clay  is  then  10  feet  down  from  the  ground  surface  on 
the  axis  of  symmetry  and,  from  figure  3,  its  value  at 
the  point,  z/a=l,  is  0.53p.  For  the  soil  data  plotted 
in  figure  1,  the  moduli  of  deformation  corresponding 
to  various  v—l  values  are  shown  in  figure  4  for  the  three 
curves,  1=0,  1=  1,440,  and  1=  4,320  pounds  per  square 
foot.  An  average  for  these  three  curves  is  also  shown. 
For  p  =  6,000  pounds  per  square  foot  and  a  maximum 
principal  stress  difference  of  0.53  p  =  0.53X6,000  =  3,180 
pounds  per  square  foot,  the  corresponding  G  from  the 
averagejcurve,  figure  4,  is  490,000  pounds  per  square  foot. 
Taking  2^=1.06  corresponding  to  z/a=l  and  m  =  K> 

c      6,000X10N/,  no     ni„,     .        ,«•     1 
SL=    aqo  000  X  1-06  =  0.13  loot  or  1.6  inches. 

This  is  approximately  70  percent  of  the  settlement 
without  the  sand,  assuming  no  lateral  displacement  or 
compaction  of  the  sand. 

Actually,  the  sand  would  undergo  some  lateral  dis- 
placement or  compaction  or  both  but  to  a  considerably 
lesser  extent  than  would  a  soft  clay.  Greatest  settle- 
ments due  to  lateral  yield  are  to  be  expected  in  plastic 
soils  in  which  pore  pressures  of  considerable  magnitude 
are  developed  by  loading. 


With  reference  again  to  figure  4,  consider  a  wheel 
load  producing  10,000  pounds  per  square  foot  pressure 
on  the  surface  of  the  clay,  assuming  a  balloon  tire  and 
an  equivalent  radius  of  6.5  inches  for  the  contact  area. 
Here  the  greatest  principal  stress  difference  on  the  axis 
of  loading  is  0.58X10,000  or  5,800  pounds  per  square 
foot,  corresponding  to  an  average  G  value,  figure  4,  of 
270,000  pounds  per  square  foot.  For  z/a=0,  F=1.5 
and 


ST 


10,000X6.5 
270,000 


X  1.5  =  0.36  inch. 


Suppose  now  that  the  wheel  rests  on  a  flexible-type 
pavement  of  thickness  6.5  inches  and  that  the  lateral 
movement  and  compaction  of  pavement  material 
under  the  wheel  load  is  negligible.  Under  the  pave- 
ment is  the  same  clay,  extending  to  an  infinite  depth. 
The  maximum  principal  stress  difference  in  the  clay  is 
0.532?  for  s/o=l  and  /j=K,  and  is  0.53X10,000  =  5,300 
pounds  per  square  foot.  The  corresponding  C  value, 
average  curve,  figure  4,  is  330,000  pounds  per  square 
foot  and  F=  1.06,  figure  2.     Then 

e       10,000X6.5N/1  n.     noi  .     . 
8l=     330,000     X1.06  =  0.21mch. 

By  making  similar  computations  for  the  same  soil  and 
for  various  values  of  z,  the  settlements  shown  in  table  1 
are  obtained.  It  is  observed  in  table  1  that  when  the 
pavement  thickness  is  of  magnitude  such  that  z/a  is 
equal  to  or  greater  than  2,  any  further  increase  in 
pavement  thickness  effects  a  relatively  small  decrease 
in  SL.  It  is  also  noted  that  the  modulus,  C,  increases 
rapidly  as  the  principal  stress  difference  decreases,  a 
fact  that  is  indicative  of  the  curvilinear  relationship 


between  v  and 


Ah 
h' 


Table  1. —  The  effect  of  pavement  thickness  on  the  estimated  settle- 
ment, SL,  due  to  yielding  of  the  subgrade.  Unit  load=  10,000 
pounds  per  square  foot,  equivalent  radius  of  wheel  load=6.5 
inches  and  m=H 


Maximum 

| 

Thick- 
ness of 
pave- 

z 
a 

principal 

stress 

difference  in 

Modulus  of 
deformation, 

c 

Deflec- 
tion 
factor, 

Settle-  1 

ment, 

Sl 

ment,  z 

subgrade, 
v-l 

F 

Pounds  per 

Pounds  per 

Inches 

square  foot 

square  foot 

Inches 

0 

0 

5,800 

270, 000 

1.50 

0.36 

3.25 

0.50 

5,800 

270, 000 

1.33 

.32 

6.50 

1.00 

5,300 

330, 000 

1.06 

.21 

8.00 

1.23 

4,600 

390, 000 

.93 

.16 

10.00 

1.54 

3,760 

455,  000 

.80 

.  11 

12.00 

1.85 

2,950 

505,  000 

.71 

.09 

15.00 

2.3: 

2,  200 

550,  000 

.59 

.07 

18.00 

2.77 

1,600 

580, 000 

.51 

.06 

The  effect  of  moisture  content  and  compaction  on 
the  modulus,  G,  of  a  typical  clay  soil  is  shown  in  table  2. 
The  settlement,  SL,  caused  by  lateral  displacement  of 
this  clay  when  subjected  to  a  uniform  load  over  a 
circular  area  is  also  shown.  For  the  computations 
shown  in  table  2,  ju  is  taken  as  %  and  the  surface  load 
is  assumed  to  be  applied  directly  to  the  clay;  that  is, 
2/0=0. 

The  effect  of  moisture  content  and  density  is  strik- 
ingly illustrated  by  the  computed  values  in  table  2. 
(Continued  on  page  198) 


EFFECTS  OF  HIGHWAY  LIGHTING  ON 

DRIVER  BEHAVIOR 


BY  THE  DIVISION  OF  HIGHWAY  TRANSPORT.  PUBLIC  ROADS  ADMINISTRATION 

Reported  by  W.  P.  WALKER,  Assistant  Highway  Engineer-Economist 


ACCIDENT  RECORDS  have  consistently  shown 
J-J^  that  nighttime  driving  is  more  hazardous  than 
daytime  driving.  During  recent  years  illumina- 
tion engineers  have  performed  considerable  research  on 
highway  lighting  with  the  object  of  reducing  the  ratio 
of  nighttime  to  daytime  accidents  per  vehicle-mile  of 
travel.  Several  hundred  miles  of  rural  highway  are 
now  lighted,  many  of  these  being  temporary  installa- 
tions for  purposes  of  demonstration  and  experimenta- 
tion. One  such  installation  is  a  1-mile  section  on  U.  S. 
Route  422  near  Chagrin  Falls,  Ohio.  Excessive  grade 
and  curvature  at  this  loca- 
tion result  in  its  being  con- 
sidered highly  hazardous, 
and  for  this  reason  it  was 
selected  by  the  Nela  Park 
Engineering  Department  of 
the  General  Electric  Com- 
pany for  study  of  methods 
of  illumination  and  meas- 
urement of  factors  affecting 
visibility  on  lighted  roads. 

In  the  fall  of  1939,  the 
Public  Roads  Administra- 
tion and  the  Ohio  Depart- 
ment of  Highways  con- 
ducted studies  at  this  loca- 
tion in  an  effort  to  determine 
the  effect  of  lighting  on 
driver  behavior.  These 
studies  were  made  over  a  5- 
day  period  and  three  types 
of  equipment  were  em- 
ployed, each  designed  to 
obtain  different  information 
regarding  driver  behavior. 
With  this  equipment,  com- 
prehensive data  were  col- 
lected on  passing  practices,  transverse  positions  of  vehi- 
cles, and  vehicle  speeds  and  spacings.  The  primary  ob- 
jective was  to  determine  to  what  extent  driver  behavior 
varied  in  daytime,  in  nighttime  with  the  road  lighted, 
and  in  nighttime  with  the  road  unlighted.  Inclement 
weather  during  the  observations  increased  the  number  of 
variables  to  include  conditions  of  wet  and  dry  pavement. 

The  highway  approaches  the  section  on  a  tangent 
with  a  slightly  undulating  grade.  About  %  mile  from 
the  first  light  and  within  the  lighted  section,  the  road 
rises  slightly,  then  drops  sharply  on  a  grade  of  about 
10  percent  for  a  distance  of  approximately  }i  mile. 
There  are  two  horizontal  curves  on  this  grade,  one  of 
them   being   very   sharp.     The   lower   %   mile   of   the 


Limited  data  indicate  that  the  behavior  of  drivers 
operating  under  artificial  light  conforms  very  nearly  to 
their  behavior  in  the  daytime,  but  that  the  behavior  of 
drivers  at  night  without  overhead  lights  differs  measur- 
ably from  their  behavior  in  the  daytime.  Differences 
between  the  behavior  of  drivers  during  daylight  and 
darkness  are  most  apparent  in  the  frequency  of  passing 
and  in  the  transverse  positions  of  vehicles  on  the  pave- 
ment. There  is  inconclusive  evidence  that  speed  may 
also  be  affected. 

During  daytime  the  drivers  utilized  57.7  percent  of 
the  available  opportunities  for  passing  as  compared  to 
55.6  percent  during  nighttime  with  the  highway  lighted. 
At  night  with  the  highway  unlighted  the  drivers  utilized 
only  38.5  percent  of  the  available  opportunities  for 
passing. 

The  frequency  distributions  of  transverse  positions 
are  almost  identical  for  conditions  of  daytime  and 
nighttime  with  the  highway  lighted,  but  there  is  a 
marked  difference  in  these  distributions  for  conditions 
of  daytime  and  nighttime  with  the  highway  unlighted. 
The  average  position  of  the  right  wheel  of  passsenger 
cars  moving  freely  was  3.3  feet  from  the  edge  of  a 
20-foot  pavement  during  both  daytime  and  nighttime 
with  the  highway  lighted.  With  the  highway  unlighted, 
this  average  position  was  Yi  foot  nearer  the  center  of 
the  road. 


section  is  approximately  level  tangent.  Figure  1  is  a 
sketch  of  the  plan  and  profile  showing  the  operating 
positions  of  the  study  equipment. 

The  surface  is  portland-cement  concrete  pavement 
in  fairly  good  condition,  having  a  width  of  20  feet 
except  on  and  below  the  hill  where  it  is  27  feet  wide. 
The  shoulders  on  the  20-foot  section  are  10  feet  wide 
and  consist  of  2  feet  of  clay-gravel  and  8  feet  covered 
with  grass  and  in  good  condition.  The  section  27  feet 
wide  has  a  6-inch  curb  on  each  side.  Lighting  is  by 
means   of   incandescent   lamps   in   specially   designed 

reflectors  mounted  25  feet 
high,  125  feet  apart,  and 
extending  5  feet  out  over 
the  pavement.  The  lights 
are  along  only  one  side  of 
the  road.  Figure  2  shows  a 
portion  of  the  section  in  the 
daytime  and  when  lighted 
at  night. 

In  evaluating  the  effects 
of  highway  lighting  from  a 
safety  standpoint  the  acci- 
dent record  itself  would  be 
the  most  desirable  index, 
but,  since  the  number  of  ac- 
cidents per  mile  of  highway 
is  relatively  small,  to  obtain 
reliable  data  for  a  1-mile 
section  of  highway  would 
require  years.  Moreover, 
no  accident  records  were 
available  for  this  particular 
section  of  road.  As  a  sub- 
stitute for  accident  records 
it  is  possible,  by  a  critical  ex- 
amination of  driver  behav- 
ior under  the  various  con- 
ditions, to  judge  the  probable  effects  of  these  conditions. 
From  the  results  of  driver-behavior  studies,  it  is  pos- 
sible to  find  instances  where  a  driver  on  an  unlighted 
highway  was  unquestionably  driving  too  fast  or  in  an 
otherwise  reckless  manner,  but  there  is  no  way  of  prov- 
ing that  the  particular  driver  might  not  drive  just  as 
recklessly  during  daylight  or  on  a  lighted  highway. 
However,  the  chances  are  that  there  will  be  just  as 
many  reckless  drivers  using  the  highway  at  night  when 
it  is  not  lighted  as  when  it  is  lighted. 

A  differentiation  between  safe  and  unsafe  driving 
practices  under  any  set  of  driving  conditions  is  difficult 
to  make.  Undoubtedly,  the  safest  driving  conditions 
exist  during  hours  of  daylight  with  a  dry  pavement, 
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Figure  1. — Plan  and  Profile  of  One-Mile  Section  of 
Lighted  Highway  on  U.  S.  Route  422  Near  Chagrin 
Falls,  Ohio. 

and  the  average  driver  under  these  conditions  might  be 
expected  to  perform  in  a  somewhat  different  manner 
with  respect  to  speed,  distance  from  car  ahead,  and 
transverse  position  on  the  pavement  than  he  would  on 
the  same  highway  after  dark.  If  the  drivers  perform 
on  a  lighted  highway  at  night  in  the  same  manner  they 
perform  on  the  highway  in  daylight,  it  is  safe  to  assume 
that  the  vehicles  are  moving  with  greater  safety  and 
facility  than  they  would  on  an  unlighted  highway.  The 
degree  to  which  driver  performance  on  the  lighted  high- 
u  a  \  at  night  approaches  that  for  daylight  hours  should 
be  a  measure  of  the  effectiveness  of  the  lighting  in 
bringing  about  safer  driving  conditions. 

PASSING  PRACTICES  STUDIED  ON  LIGHTED  SECTION 

Equipment  for  determining  the  passing  practices  of 
motor-vehicle  drivers  has  been  developed  and  its  use 
described.1  2  The  equipment  permits  determination 
of  the  speed  and  time  spacing  of  each  vehicle  at  any 
point  within  a  half-mile  section,  and  shows  whether  the 
vehicle  was  in  its  own  or  the  opposing  lane  of  traffic  or 
was  straddling  the  centerline  of  the  road.  It  does  not 
permit  a  determination  of  the  pavement  edge  clearances 
of  vehicles. 

Because  of  topographic  conditions  on  the  section  of 
road  studied,  it  was  practical  to  install  only  two-thirds 
of  the  detector  tubes,  the  location  selected  being  on  the 
tangent  at  the  top  of  the  hill.  On  a  portion  of  this 
study  section  passing  was  restricted  by  inadequate 
sight  distance.  Because  of  this  and  the  low  traffic 
volumes  prevailing,  the  number  of  passing  maneuvers 
recorded  was  not  great.  The  equipment  was  operated 
during  afternoons  and  evenings  until  about  10  p.  m.  for 
4  days.     The  lights  were  off  on  alternate  evenings. 

Table  1  shows  the  actual  operating  time  of  the 
recorders,  the  number  of  vehicles,  and  the  number  of 
passing  maneuvers  recorded  under  the  various  con- 
ditions studied.  Of  the  107  passing  maneuvers  re- 
corded, a  complete  record  was  obtained  of  only  53,  the 
other  54  having  been  started  before  entering  or  com- 
pleted after  leaving  the  study  section.  In  all  107  cases, 
however,  the  passed  and  passing  vehicles  were  recorded 
while  abreast  of  each  other  so  that  data  were  obtained 
on  at  least  half  of  each  maneuver. 


'  Procedure  Employed  in  Analyzing  Passing  Practices  of  Motor  Vehicles,  by 
E.  H.  Holmes,  PUBLIC  ROADS,  vol.  19,  No.  11,  January  1939. 

2  Progress  in  Study  of  Motor-Vehicle  Passing  Practices,  by  O.  K.  Normann, 
PUBLIC  ROADS,  vol.  20,  No.  12,  February  1940. 


Table  1. — Results  of  studies  using  passing  equipment 


Condition 

Net  hours 
studied 

Vehicles 
recorded 

Passings 
recorded 

Daylight .     .  ...  ..  ..  ...  

1.85 
3.77 
4.48 
1.50 

448 
496 
616 
462 

41 

Night— lights  on _ 

Night— lights  ofi 

20 
20 

Twilight 

26 

Total 

11.60 

2,022 

107 

Conclusive  results  obviously  cannot  be  drawn  from 
such  a  small  and  varied  sample.  It  is  of  interest, 
however,  to  examine  a  few  of  the  passing  maneuvers 
that  were  made  under  what  might  be  considered  hazard- 
ous conditions.  Since  no  passing  maneuver  was  made 
when  an  oncoming  vehicle  was  so  near  as  to  constitute 
a  hazard,  this  sample  includes  only  passing  maneuvers 
that  were  made  where  the  driver  could  see  less  than 
400  feet  of  road  surface  ahead  of  him.  This  figure  is 
used  because  it  represents  the  sight  distance  at  the 
point  of  beginning  of  a  double  white  line  center  marking. 
The  remainder  of  the  passing  study  section  had  no 
centerline  marking  except  the  black  center  joint. 

Eighteen  vehicles  started  to  pass  where  the  sight 
distance  was  400  feet  or  less  and  these  maneuvers  are 
shown  graphically  in  figure  3.  These  data  are  presented 
merely  as  a  matter  of  general  interest,  since  any  com- 
parison in  numbers  would  be  inconclusive  and  the 
similarity  of  the  passing  maneuvers  permits  of  little 
differentiation  for  various  conditions.  It  will  be  noted 
that,  under  all  four  conditions  of  light,  there  are  cases 
where  the  passed  and  the  passing  vehicles  were  abreast 
of  one  another  at  points  where  the  sight  distance  was 
only  200  feet.  The  speeds  of  these  passing  vehicles 
varied  between  25  and  50  miles  per  hour.  Had  an 
oncoming  vehicle  made  its  appearance  during  one  of 
these  maneuvers,  either  the  passing  or  oncoming  vehicle 
would  almost  certainly  have  been  required  to  take  refuge 
on  the  shoulder  to  avoid  a  collision.  In  these  18  passing 
maneuvers,  1 1  of  the  passed  vehicles  were  trucks,  busses, 
or  tractor-semitrailer  combinations  moving  relatively 
slowly. 

Several  of  the  passing  maneuvers  of  westbound 
vehicles  (fig.  3)  were  accomplished  without  creating  any 
traffic  hazard,  the  reason  being  that  the  sight  distance 
increased  to.  about  2,000  feet  before  the  passing  vehicle 
was  completely  in  the  left  lane.  These  were  violations 
of  the  center  striping  that  would  not  be  so  classified  had 
the  marking  been  of  the  directional  type  which  permits 
passing  in  one  direction  while  prohibiting  it  in  the 
opposite  direction.  The  number  of  vehicles  that  could 
have  passed  but  were  discouraged  from  doing  so  by 
reason  of  the  center  striping  cannot  be  determined. 

Table  2  shows  the  relationship  between  the  actual 
number  of  passing  maneuvers  recorded  and  the  number 
that  could  have  been  accomplished  under  favorable 
conditions.  Classified  as  "potential"  passings  are  those 
cases  where  a  vehicle  was  following  another  vehicle  at  a 
spacing  of  1  %  seconds  or  less  at  a  point  where  no  restric- 
tion was  offered  to  passing  by  an  oncoming  vehicle 
within  1,500  feet  or  by  a  sight  distance  less  than  1,200 
feet.  The  percentage  that  these  potential  passings  are 
of  the  total  is  shown  in  the  last  column.  These  figures 
show  that  42.3  percent  of  these  drivers  were  reluctant 
to  pass  during  daylight  as  compared  to  61.5  percent  at 
night  when  the  highway  was  unlighted.  When  the 
highway  was  lighted,  however,  only  44.4  percent  of  the 
drivers  preferred  to  follow  the  vehicle  ahead  rather  than 
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Figure  2. — Appearance  of  a   Portion  of  the  Section  in   Daylight  and  When  Lighted  at  Night. 
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pass  it.  This  compares  favorably  with  the  data  for 
daylight  conditions.  It  might  be  concluded  from  this 
that  the  drivers  using  the  highway  while  it  was  unlighted 
were  more  cautious  than  those  using  the  highway  while 
it  was  lighted,  but  the  important  fact  shown  here  is 
that  the  driving  practices  observed  while  the  lights 
were  on  conformed  much  more  nearly  to  those  for  day- 
light conditions  than  did  the  driving  practices  on  the 
unlighted  highway. 

SOME    HAZARDOUS   DRIVING    FOUND  UNDER    ALL  CONDITIONS  OF 
LIGHTING 

The  parsing  study  equipment  is  well  adapted  to 
studying  the  variations  in  speed  of  vehicles  over  a 
length  of  highway.  Such  an  investigation  is  of  inter- 
est here  to  determine  what  effect  the  combination  of 
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Table  2. — Relations  between  the  actual  and  potential  number  of 
passings  under  various  conditions 


Condition 


Daylight 

Night— lights  on 
Night— lights  off 
Twilight 


Number  of  passings 

Actual 

Potential 

Total 

41 

30 

71 

20 

16 

36 

20 

32 

52 

26 

25 

51 

Percent- 
age that 
potential 
is  of  total 


42.3 
44.4 
61.5 
49.0 


a  large  diamond-shaped  "Hill"  sign  and  a  flashing 
danger  signal,  both  located  near  the  crest  of  the  rise 
just  preceding  the  steep  descent,  had  upon  the  speeds 
of  vehicles  under  various  conditions.  In  figure  4,  the 
average  speeds  of  vehicles  as  maintained  throughout 
the  section  are  plotted.  The  warning  signs  were  lo- 
cated opposite  station  14,  facing  eastbound  traffic. 
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The  speed  curves  for  eastbound  vehicles  vary  con- 
siderably for  the  three  conditions  shown.  The  aver- 
age speed  of  the  vehicles  on  the  lighted  highway  showed 
a  slight  increase  for  the  first  850  feet,  whereas  with 
the  lights  off,  the  average  speed  began  to  decrease  al- 
most immediately  after  entering  the  section.  A  num- 
ber of  explanations  of  tins  difference  in  behavior  sug- 
gest themselves  but  none  has  any  plausible  basis.  For 
each  condition  of  lighting,  the  average  speed  showed  a 
noticeable  decrease  upon  approaching  the  warning  signs, 
the  amount  of  decrease  varying  from  5  miles  per  hour 
when  the  highway  was  lighted  to  8  miles  per  hour  dur- 
ing daylight.  Without  these  warning  signs,  drivers 
unfamiliar  with  the  road  would  be  unaware  of  ap- 
proaching any  danger  since  the  terrain  visible  from 
this  point  did  not  reveal  the  hill. 

The  ordinate  of  figure  4  for  westbound  vehicles  rep- 
resents their  average  speeds  as  they  ascended  the  grade. 
The  normal  speed  of  these  vehicles  was  somewhat  lower 
than  for  the  eastbound  traffic. 

The  results  of  the  passing  study  show  that  there  are 
certain  drivers  whose  hazardous  driving  habits  cannot 
be  corrected  by  means  of  artificial  lighting,  since  such 
drivers  are  present  under  all  conditions  of  light  and 
darkness. 

The  results  further  show  that  there  is  a  marked 
difference  between  the  normal  behavior  of  drivers  dur- 
ing daylight  and  darkness,  and  that  the  behavior  of 
drivers  under  artificial  light  conforms  more  nearly  to 
their  behavior  during  daylight  than  it  does  to  their 
behavior  during  darkness. 

The  effect  of  weather  conditions  on  driver  behavior 
was  more  noticeable  in  the  results  of  the  speed-place- 
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ment  study  than  in  the  passing  study.  For  this  reason 
the  results  for  various  lighting  conditions  have  been 
further  classified  to  show  variations  caused  by  wet 
pavement. 

The  passing  equipment  and  placement  equipment  are 
two  distinct  sets  of  apparatus  and  are  operated  inde- 
pendently of  each  other.  Speed  and  time-spacing 
data  for  all  vehicles  are  an  incidental  part  of  the  passing 
study  records,  and  are  available  for  any  point  within 
the  study  section.  These  data  are  also  obtained  by  the 
speed-placement  recorders  but  at  only  one  point.  In 
addition,  the  latter  equipment  records  the  positions  of 
vehicle  wheels  with  respect  to  the  edge  of  the  pavement. 

Table  3  shows  how  the  32.49-hour  net  operating  time 
of  the  speed-placement  equipment  was  distributed  with 
respect  to  weather  and  lighting  conditions.  This  was 
the  total  time  of  study  at  three  locations:  One  on  the 
level  tangent  at  the  top  of  the  hill,  one  on  the  sharp 
curve  about  midway  of  the  steep  grade,  and  one  on  the 
level  tangent  at  the  foot  of  the  hill. 

Table  3. — Net  hours  of  operation  and  vehicles  recorded  in  speed- 
placement  study 


Condition 


Daylight: 

Wet  pavement. 

Dry  pavement  _ 
Night— Lights  on: 

Wet  pavement. 

Dry  pavement. 
Night— Lights  off: 

Wet  pavement. 

Dry  pavement. 
Twilight 


Total. 


Hours 
studied 


2.00 
10.13 


3.72 
5.92 


6.92 
3.80 


32.49 


Vehicles 
recorded 


441 

2,388 


547 
1,131 


1,027 
1,225 


6,759 


The  frequency  distribution  of  time  spacings  was 
investigated  as  a  possible  index  of  driving  habits  under 
various  conditions  of  lighting  and  alinement.  It  is  of 
interest  that  the  time-spacing  patterns  varied  only 
slightly  from  patterns  found  in  previous  studies,  con- 
firming the  results  of  nearly  all  earlier  studies.  Under 
all  conditions  the  percentage  of  vehicles  traveling  at  or 
below  the  average  time  spacing  was  between  63  and  67. 
Earlier  studies  had  showed  invariably  that  approxi- 
mately two-thirds  of  the  vehicles  traveled  at  or  less 
than  the  average  time  spacing. 

In  figure  5,  the  frequency  distributions  of  time  spac- 
ings are  shown  for  four  conditions.  Distributions  for 
other  conditions  could  also  be  shown  but  the  similarity 
is  so  pronounced  that  further  illustration  is  unnecessary. 
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Figure  7. — Edge  Clearances  of  Passenger  Cars  Moving 
Freely  on  Tangent  at  Top  of  Hill,   Pavement  Dry. 

The  fact  that  the  frequency  distribution  of  time  spacings 
is  a  definite  function  of  the  average  spacing  and  hence 
of  the  traffic  volume,  is  more  apparent  in  figure  6,  where 
the  distribution  is  based  on  the  percentage  of  the 
average  spacing.  Here  the  distribution  of  spacings  for 
one  condition  is  superimposed  on  that  for  another  up  to 
twice  the  average  spacing.  These  two  conditions 
represent  the  extremes  in  traffic  volumes  studied. 
These  results  show  that  for  the  traffic  volumes  studied 
the  time  spacing  of  vehicles  is  independent  of  alinement, 
weather,  and  light  conditions. 

PLACEMENT  OF  VEHICLES  UNDER  VARIOUS  CONDITIONS 
COMPARED 

Data  on  the  average  placement  of  all  vehicles  with 
respect  to  the  edge  of  the  pavement  fire  useful  in 
comparing  driver  behavior  under  various  conditions. 
In  order  to  eliminate  insofar  as  possible  all  extraneous 
factors,  however,  the  most  significant  placement  data 
are  those  obtained  while  drivers  were  uninfluenced  by 
the  presence  of  a  preceding  or  an  opposing  vehicle. 
The  edge  clearances  of  such  "freely"  moving  passenger 
cars  on  the  tangent  at  the  top  of  the  hill,  figure  7, 
show  frequency  distributions  for  conditions  of  daylight 
that  are  very  similar  to  those  at  night  with  the  highway 
lighted.  In  both  cases  the  average  edge  clearance  was 
3.3  feet. 

The  distribution  of  edge  clearances  at  night  with  the 
highway  lights  off,  however,  follows  a  noticeably 
different  pattern  and  the  average  placement  is  %  foot 
nearer  the  center  of  the  road.  With  the  highway 
lights  on,  75  percent  of  the  drivers  followed  a  path 
not  more  than  2  feet  wider  than  the  car,  the  right 
wheel  always  being  between  2  and  4  feet  from  the 
pavement  edge.  When  the  highway  lights  were  off, 
the  same  percentage  of  drivers  had  a  3-foot  variance 
in  their  path,  the  position  of  the  right  wheel  being 
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Figure  8. — Edge  Clearances  of  Passenger  Cars  Moving 
Freely  on  Tangent  at  Foot  of  Hill,  Pavement  Dry. 

between  2  and  5  feet  from  the  pavement  edge.  On 
the  tangent  at  the  foot  of  the  grade  the  similarity 
between  the  placements  during  daylight  and  at  night 
with  the  highway  lights  on  is  almost  as  striking  (fig. 
8).  The  difference  in  the  average  placement  for  these 
two  conditions  is  only  0.1  foot.  No  record  was  ob- 
tained at  this  location  at  night  with  the  highway 
unlighted. 

Because  of  differences  in  weather  conditions  no  direct 
comparison  can  be  made  of  placement  data  recorded  on 
the  curve.  The  pavement  was  wet  when  studied  with 
the  highway  lights  on,  and  dry  when  studied  with  the 
lights  off.  Furthermore,  the  paths  of  vehicles  traveling 
upgrade  were  restricted  by  the  natural  tendency  of 
of  drivers  to  hug  the  inside  of  the  curve  regardless  of 
weather  or  lighting  conditions.  For  the  drivers  travel- 
ing downgrade  there  is  greater  freedom  in  selecting  the 
path  which  the  driver  feels  is  consistent  with  safety  and 
comfort.  Figure  9  shows  that,  for  vehicles  traveling 
downgrade,  there  was  a  slight  difference  between  the 
placement  distributions  at  night  with  the  highway 
lights  on  and  in  the  daytime  under  similar  weather 
conditions.  However,  when  the  highway  lights  were 
off  there  was  a  marked  difference  in  the  distribution 
when  compared  to  that  for  daylight  with  dry  pavement. 

As  mentioned  previously,  the  speeds  of  all  vehicles 
were  obtained  as  an  incidental  feature  of  the  passing 
study  at  the  top  of  the  hill,  and  at  three  points  with  the 
speedmeter:  The  top  of  the  hill,  below  the  hill,  and  on 
the  grade  at  the  curve. 

From  the  results  of  the  passing  study,  figure  4,  it 
appears  that  the  speeds  of  vehicles,  particularly  of  those 
just  entering  the  lighted  section,  may  not  be  representa- 
tive of  normal  driving  practice  on  lighted  highways. 
This  may  be  caused  by  the  fact  that  the  passing-study 
section  was  located  at  one  end  of  the  lighted  portion  of 
the  highway,  and  drivers  entering  the  section  had  had 
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Figure  9. — Edge   Clearances  of  Passenger  Cars  Moving 
Freely  Downgrade  on  Curve. 

no  opportunity  to  adjust  their  driving  to  the  changed 
condition.  This  assumption  appears  reasonable  since 
the  speeds  of  westbound  vehicles  were  fairly  uniform, 
as  shown  in  figure  4. 

At  the  first  location  of  the  speedmeter,  700  feet  from 
the  end  of  the  lighted  section,  this  same  effect  could  be 
expected  to  influence  the  speed  distribution.  In 
addition,  during  study  at  this  station  the  sample  ob- 
tained under  each  condition  was  too  small  to  indicate 
reliably  the  effect  of  illumination  on  speed  distribution. 
The  results  obtained  at  the  other  two  stations,  located 
nearer  the  center  of  the  lighted  section,  are  not  subject 
to  these  limitations. 

Figure  10  shows  that  the  distribution  of  speeds  on 
the  tangent  below  the  hill  was  about  the  same  under 
illumination  as  during  daylight.  The  average  speeds 
were  43  and  44  miles  per  hour,  respectively.  The 
posted  speed  limit  on  tliis  road  was  35  miles  per  hour, 
but  these  speed  distributions  show  that  82  percent  of 
the  vehicles  traveled  in  excess  of  this  speed,  both  during 
daylight  and  at  night  with  the  highway  lighted.  Under 
both  conditions  20  percent  of  the  vehicles  traveled  in 
excess  of  50  miles  per  hour. 

On  the  curve,  speed  distributions  were  more  varied 
in  character,  as  shown  in  figure  It.  For  vehicles  going 
downgrade  the  greatest  similarity  in  speeds  seems  to 
exist  between  daylight  with  wet  pavement  and  night 
without  lights  but  with  dry  pavement.     The  speed  dis- 
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Vehicles. 

tribution  for  veliicles  on  lighted,  wet  pavement  seems 
to  be  in  a  class  by  itself,  the  average  speed  of  26  miles 
per  hour  being  6  miles  per  hour  less  than  for  daylight 
under  similar  weather  conditions.  For  vehicles  going 
upgrade,  there  are  no  marked  differences  in  the  patterns 
of  speed  distribution  for  the  various  conditions,  but  it  is 
of  interest  that  the  average  speeds  of  vehicles  going 
upgrade  under  the  various  conditions  are  almost  identi- 
cal with  the  speeds  of  vehicles  going  downgrade  under 
those  same  conditions. 

(Continued  on  page  199) 
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EFFECT  OF  THE  CHEMICAL  PROPERTIES 

OF  SOIL  FINES  ON  THE  PERFORMANCE 

OF  SOIL-AGGREGATE  MIXTURES 

BY  THE  DIVISION  OF  TESTS,  PUBLIC  ROADS  ADMINISTRATION 

Reported  by  PAUL  RAPP,  Associate  Chemist,  and  JACOB  MIZROCH,  Junior  Chemical  Engineer 


AN  ACCUMULATION  of  data  from  laboratory 
Z-\  tests  and  field  observations  during  the  past  several 
years  has  shown  a  general  relation  between  the 
physical  properties  of  soils  and  their  performance  in 
base  and  surface  courses.  The  sampling  and  laboratory 
test  procedures  used  in  determining  the  physical  prop- 
erties of  soils  are  presented  in  detail  in  the  Standard 
Specifications  for  Highway  Materials  and  Methods  of 
Sampling  and  Testing  of  the  American  Association  of 
State  Highway  Officials.  The  specifications  '  for  base- 
and  surface-course  materials  place  special  emphasis  on 
the  liquid  limit,  plasticity  index,  and  mechanical 
analyses  of  the  soil  mortar  or  soil  fines. 

In  general,  these  physical  tests  have  been  a  satisfac- 
tory means  of  determining  the  suitability  of  soil-aggre- 
gate mixtures  for  road-building  purposes,  but  in  certain 
instances  they  have  not  been  adequate  for  purposes  of 
differentiation  between  satisfactory  and  unsatisfactory 
materials.  The  purpose  of  this  paper  is  to  indicate  the 
additional  information  that  may  be  derived  from  a 
study  of  the  chemical  properties  of  the  soil  fines  which, 
together  with  the  knowledge  of  physical  properties,  pro- 
vides a  more  adequate  basis  for  determining  suitability 
than  do  physical  properties  alone. 

CHEMICAL  PROPERTIES  OF  SOILS  DEPENDENT  ON  CLAY  MINERALS 

PRESENT 

The  chemical  properties  of  soils  are  dependent  di- 
rectly on  the  kind  and  amount  of  clay  minerals  present. 
Hence  a  brief  resume  of  the  chemistry  of  clay  minerals 
is  given. 

Hendricks  and  Alexander  2  have  reported  that  clay 
minerals  may  be  included  in  three  general  classes  or 
groups  as  follows: 

1.  The  kaolin  group: 

a.  Kaolinite 

b.  Nacrite 

c.  Dickite 

d.  Halloysite 

2.  The  montmorillonite  group: 

a.  Montmorillonite  \ 

b.  Beidellite  I  composition  A1203. 

c.  Nontronite  4  Si02  .  XH20. 

d.  Magnesium  bentonitej 

3.  The  hydrous   micas.     The  general   formula   is 

2K20.3R'0.8R''203.24Si20. 12H20 
where   R'   denotes   a  divalent  metal,   magnesium   for 
example,   and  R"  denotes  a  trivalent  metal  such  as 
aluminum. 

X-ray  studies  of  minerals  of  the  groups  listed  have 
shown    that    their    constituent    molecules,    silica    and 


I  composition 
2H20. 


A1,03.  2    Si02 


''Standard  Specifications  for  Materials  for  Stabilized  Base  Course,  M  56-38  and 
Standard  Specifications  for  Stabilized  Surface  Course,  M  61-38,  American  Association 
of  State  Highway  Officials. 

!  Minerals  Present  in  Soil  Colloids,  by  S.  B.  Hendricks  and  L.  T.  Alexander. 
I.  Descriptions  and  Methods  of  Identification.  Soil  Science,  vol.  48,  No.  3,  1939, 
p.  258. 


alumina,  are  arranged  in  layers.  These  layers  con- 
stitute the  crystal  lattice  of  a  mineral. 

In  the  kaolin  group,  the  layers  of  silica  and  alumina 
alternate,  forming  a  lattice  with  a  molecular  ratio  of  2 
silica  to  1  alumina.  Owing  to  replacement  of  silicon 
by  aluminum  within  the  lattice,  ratios  of  less  than  2  to 
1  have  been  observed.  Iron  may  replace  aluminum 
in  the  lattice  without  affecting  the  molecular  ratio. 

The  montmorillonite  group  is  characterized  by  a 
lattice  consisting  of  a  layer  of  alumina  between  two 
layers  of  silica.  Here  the  molecular  ratio  is  4  silica  to 
1  alumina.  Replacement  of  silicon  by  aluminum  may 
reduce  the  ratio  to  3  to  1  in  certain  members  of  the 
group,  without  altering  the  lattice  structure.  Iron 
and  magnesium  may  be  present,  substituted  for  the 
aluminum. 

The  term  "hydrous  micas"  is  a  tentative  one  which 
serves  to  designate  a  group  of  related  minerals  having  a 
theoretical  formula  similar  to  that  of  mica.  However, 
these  minerals  contain  less  potassium  and  more  water 
than  true  micas. 

In  addition  to  the  clay  minerals,  certain  accessory 
minerals  are  to  be  found  in  soils.  Iron  is  present  in  the 
form  of  hematite,  Fe203,  and  goethite,  FeO(OIL) 
Titanium  has  been  found  to  be  present  in  the  form  of 
the  mineral,  leucoxene,  and  as  the  oxide,  rutile,  Ti02. 
Aluminum  may  be  present  in  the  form  of  diaspore  or 
bohmite,  AIO(OH),  and  gibbsite,  Al(OH)3.  Silica, 
Si02,  may  be  present  in  the  form  of  quartz  or  it  may  be 
present  in  an  amorphous  state. 

Siliea-sesquioxide  ratio  is  defined  as  the  molecular 
ratio  of  silica  (Si02)  to  the  combined  oxides  of  iron  and 
aluminum  (Fe203+Al203).  Silica-alumina  ratio  is  the 
molecular  ratio  of  silica  to  alumina  (A1203).  In  this 
study  both  ratios  were  found  to  have  a  similar  relation 
to  physical  properties.  Therefore,  the  silica-alumina 
ratio  is  not  discussed  but  is  included  in  the  paper  as  a 
matter  of  record.  Siliea-sesquioxide  and  silica-alumina 
ratios  were  determined  in  the  colloidal  clay  fraction  of 
the  soil.  This  portion  of  the  soil  is  considered  the  most 
active  chemically.  Usually  it  is  highly  weathered  and 
consists  mainly  of  one  or  more  clay  minerals  of  definite 
chemical  composition.  Siliea-sesquioxide  ami  silica- 
alumina  ratios  in  the  colloidal  clay  fraction  of  soils  de- 
pend largely  on  the  kinds  and  proportions  of  clay 
minerals  present. 

The  colloids  are  extracted  from  the  soils  by  means  of 
a  supercentrifuge.  One  hundred  grams  of  soil  passing 
the  No.  10  sieve  (or  50  grams  of  clay)  are  stirred  to  a 
smooth  slurry  with  distilled  water.  The  slurry  is 
placed  in  a  disperser  and  1,000  milliliters  of  distilled 
water  containing  1  milliliter  of  5N  ammonia  are  added. 
After  dispersing  for  2  minutes,  the  mixture  is  poured  on 
a  No.  270  sieve.  The  material  retained  on  the  sieve  is 
dispersed  in  the  same  manner  as  before  and  the  process 
continued   until   the   sand   remaining  on   the  sieve   is 
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washed  free  of  all  colloid  coating.  The  combined  sus- 
pensions containing  the  soil  fraction  passing  the  No.  270 
sieve  are  passed  through  a  supercentrifuge.  The  centri- 
fuge speed  and  rate  of  feed  are  so  adjusted  3  that  all 
particles  coarser  than  0.001  millimeter  are  thrown  out 
of  suspension  inside  the  centrifuge  bowl.  The  sus- 
pension passing  through  the  centrifuge  is  concentrated 
with  fine-grade  Pasteur-Chamberland  filter  candles 
using  suction.  The  material  thrown  out  of  suspension 
is  removed  from  the  bowl  and  redispersed  in  the  filtrate 
from  the  candles.  The  resulting  suspension  is  again 
centrifuged.  The  process  is  repeated  until  the  centri- 
fugate  is  practically  clear,  showing  that  all  of  the  dis- 
persible  colloid  has  been  removed. 

The  colloids  are  concentrated  to  a  slurry  by  filtra- 
tion with  the  candles.  The  slurry  is  dried  at  105°  C, 
powdered,  and  the  powder  stored  in  vials  for  analysis. 
The  analyses  are  made  by  standard  procedures  for  soil 
analysis.4 

Base  or  ion  exchange  is  defined  as  the  substitution 
of  a  base  for  another  base,  or  for  hydrogen,  in  the  soil. 
This  action  can  best  be  illustrated  by  the  description 
of  a  laboratory  experiment.  A  sample  of  soil  that 
showed  an  acid  reaction  was  placed  in  a  funnel  and 
neutral  potassium  chloride  was  leached  through  the 
soil.  The  leachate  was  tested  and  found  to  be  acid; 
on  analysis  the  soil  was  found  to  contain  more  potassium 
than  the  original  soil.  The  reaction  can  be  written: 
Hydrogen  clay -(-potassium  chloride^potassium  clay-)- 
hydrochloric  acid.  The  process  is  reversible  and  follows 
well-defined  chemical  laws. 

Base  exchange  determinations  involve  measuring 
(1)  the  base  exchange  capacity  and  (2)  the  kind  and 
amount  of  the  exchangeable  bases.  The  method  may 
be  outlined  as  follows: 

The  portion  of  the  soil  sample  passing  the  No.  40 
sieve  is  leached  with  neutral  ammonium-acetate  solu- 
tion. The  leachate  contains  all  the  exchanged  bases 
and  the  soil  retains  the  absorbed  ammonia  which  dis- 


3  The  Fractionation,  Composition,  and  Hypothetical  Constitution  of  Certain 
Colloids  Derived  from  the  Great  Soil  Groups,  by  I.  C.  Brown  and  H.  G.  Byers,  U.  S. 
Department  of  Agriculture,  Technical  Bulletin  No.  319,  p.  8,  1932. 

*  Method  and  Procedure  of  Soil  Analysis  Used  in  the  Division  of  Soil  Chemistry 
and  Physics,  by  W.  O.  Robinson,  U.  S.  Department  of  Agriculture,  Circular  No. 
139,  1939. 


placed  the  bases.  The  leachate  is  then  analyzed  for 
the  amount  and  kind  of  bases  exchanged.  The  soil  is 
washed  to  remove  the  excess  ammonium  acetate  and  is 
then  analyzed  for  the  absorbed  ammonia  content. 
From  the  amount  of  ammonia  absorbed,  the  base 
exchange  capacity  of  the  soil  is  calculated.  The  sum 
of  the  exchanged  bases  and  the  base  exchange  capacity 
are  recorded  in  milliequivalents  per  100  grams  of  sample 
taken  from  the  roadway. 

SILICA-SESQUIOXIDE  RATIO  INVESTIGATED 

A  study  of  the  significance  of  the  silica-sesquioxicie 
ratio  was  made  on  19  samples  of  soil-aggregate  base 
courses  taken  from  roads  in  service  in  Alabama  and 
Georgia.  The  results  of  the  physical  tests  on  these 
samples  and  the  condition  of  the  road  surfaces  at  the 
time  the  samples  were  taken  are  shown  in  table  1. 
Chemical  analyses  were  made  of  the  colloid  fractions 
of  these  samples  and  the  results  are  given  in  table  2, 
including  the  silica-sesquioxide  ratios  and  the  silica- 
alumina  ratios. 

These  base  courses  had  been  surface  treated  with 
single  or  double  applications  of  bituminous  material  and 
mineral  aggregate.  Since  the  resulting  surfaces  had  a 
total  thickness  of  only  1  inch  or  less,  the  condition  of  the 
surface  was  assumed  to  be  directly  dependent  on  the 
condition  of  the  base  course. 

The  Standard  Specifications  for  Materials  for  Stabil- 
ized Base  Course,  M  56-38,  of  the  A.  A.  S.  H.  O., 
require  that  the  dust  ratio,  B/A  (ratio  of  the  fraction 
passing  the  No.  200  sieve  to  the  fraction  passing  the 
No.  40  sieve)  shall  not  exceed  0.50,  and  that  the  fraction 
passing  the  No.  40  sieve  shall  have  a  liquid  limit  not 
greater  than  25  and  a  plasticity  index  not  greater 
than  6. 

Samples  2,  5,  11,  14,  and  19  (table  1)  met  the  re- 
quirements for  dust  ratio,  liquid  limit,  and  plasticity 
index  of  the  A.  A.  S.  H.  O.  specifications  for  base  courses; 
and  it  is  noted  also,  in  these  cases,  that  the  roads  were 
in  satisfactory  condition.  Samples  1,  3,  and  10  had 
higher  plasticity  indexes  than  the  specifications  permit 
but  conformed  in  all  other  details.  The  roads  from 
which    these    samples   were    taken    were    satisfactory. 


Table  1. — Physical  test  data  of  Alabama  and  Georgia  base-course  materials  as  related  to  road  conditions 


Sam- 
ple 
No. 

Sieve  analysis  of  samples,  percentage  passing — 

Ratio 
B/A 

Hydrometer 
analysis,  per- 
centage of  total 
sample 

Physical  characteristics  of  material  passing  the  No.  40  sieve 

inch 
sieve 

1-inch 
sieve 

?i-inch 
sieve 

JS-inch 
sieve 

No.  4 
sieve 

No.  10 

sieve 

No.  40 
sieve 

No.  200 
sieve 
(B) 

Silt, 

0.05  to 

0.005 

mm. 

Clay, 
smaller 
than 
0.005 
mm. 

Liquid 
limit 

Plas- 
ticity 
index 

Shrinkage 

Moisture  equiv 
alent 

Condition  of  road 

Limit 

(S; 

Ratio 
(R) 

Centri- 
fuge 

Field 
(FME) 

surface 

1 
2 

100 

99 
100 
100 
93 
99 

88 
100 

82 
78 
98 

99 

90 
90 
98 
88 
98 

85 
99 
71 
61 
89 

86 

82 
64 
96 
84 
96 

81 
97 
63 
53 
69 

67 

78 
56 
83 
72 
93 

74 
94 
54 
46 
57 

57 
100 
100 
100 
100 

100 
48 
50 
58 

62 
53 

4S 
47 
65 

50 
70 
36 
32 
47 

47 

89 
94 
74 
59 

61 
39 
35 
45 

23 
18 
19 
23 
33 

31 
45 
21 
19 
20 

22 
17 
21 
20 
21 

20 

17 
14 
15 

0.37 
.34 
.40 
.49 
.51 

.62 
.64 
.58 
.59 
.42 

.47 
.19 
.22 
.27 
.36 

.32 
.44 
.40 
.33 

6 
4 
2 
3 
13 

13 
21 

11 
7 
5 

7 
2 
1 
3 
3 

2 
5 
4 
4 

15 
11 
16 
19 

18 

17 
21 
9 
8 
12 

10 
15 
20 
16 
16 

17 
12 
11 
10 

25 
18 
25 
42 
19 

27 
25 
44 
28 
24 

18 
32 

36 
25 
28 

33 
28 
31 
25 

9 
5 
9 
16 
4 

11 
8 
21 
10 
10 

4 

10 
14 
6 
8 

10 
12 
11 
4 

16 
13 
17 
18 
13 

14 
14 
18 
14 
14 

14 
23 
22 
19 

18 

20 
16 
16 
16 

1.8 
1.9 
1.8 
1.7 
2.0 

1.9 
1.8 
1.7 
1.8 
1.8 

1.9 
1.5 
1.6 
1.7 
1.7 

1.7 
1.8 
1.8 
1.7 

13 
9 
14 
20 
10 

21 
18 
23 
16 
13 

12 
12 
15 
10 
11 

12 
18 
14 
13 

20 
14 
19 
23 
15 

19 
20 
32 
20 
18 

14 
30 
38 
19 
19 

24 
20 
24 
20 

Satisfactory. 
Do. 

3 

Do. 

4 
5 

6 
7 

100 
93 

98 
100 

90 

Do. 

Do. 

Fair. 
Do. 

8 
9 
10 

11 
12 

97 
94 
100 

89 
88 
99 

100 

Do. 
Do. 

Satisfactory. 

Do. 
Poor. 

13 

Do. 

14 

Satisfactory 

15 

Do. 

16 

Do. 

17 
18 
19 

100 

99 
100 
100 

95 
97 
95 

73 

77 
80 

56 
59 
65 

Do. 
Do 
Do. 

December  1940 


PUBLIC  ROADS 


195 


Samples  4,  12,  13,  15,  16,  17,  and  18  had  higher  plas- 
ticity indexes  and  liquid  limits  than  the  A.  A.  S,  H.  O. 
specifications  permit  but  the  dust  ratios  were  satis- 
factory. Of  the  seven  roads  of  which  these  seven 
samples  were  representative,  five,  Nos.  4,  15,  16,  17, 
and  18,  were  in  a  satisfactory  condition,  and  two,  Nos. 
12  and  13,  were  in  poor  condition.  The  remaining  four 
samples,  Nos.  6,  7,  8,  and  9,  had  excessive  dust  ratios 
(B/A  values,  table  1),  and  high  plasticity  indexes  and 
liquid  limits.  The  road  conditions  in  these  four  in- 
stances were  reported  as  fair. 


Table  2. 


Chemical    analyses    of    colloids    from     Alabama    and 
Georgia  base  courses 


Molecular  ratios 

Sam- 
ple 

No. 

T    -.pc 

Si02 

Fe203 

TiQ2 

AI2Oj 

on  ig- 
nition 

SKI 

SiOs 

VI-..0       r<-  <> 

AbO, 

Percent 

Percent 

/•i  m  nl 

Percent 

Percent 

2 

35.0 

8.3 

4.4 

35.2 

17.4 

1.5 

1.7 

5 

31.7 

12.7 

2.4 

35.8 

16.7 

1.2 

1.5 

11 

32.3 

11.7 

3.9 

35.7 

17.7 

1.3 

1.5 

14 

30.1 

25.7 

2.7 

28.3 

13.5 

1.1 

1.8 

19 

42.2 

11.4 

1.8 

31.5 

12.4 

1.9 

2.3 

1 

37.7 

12.5 

4.6 

31.7 

14.5 

1.6 

I'll 

3 

34.8 

14.2 

3.4 

32.3 

14.6 

It 

1.8 

10 

33.  G 

10.9 

4.9 

34.5 

17.  1 

1.4 

1.7 

4 

34.9 

15.2 

4.  1 

32.2 

14.4 

1.4 

1.8 

12 

42.9 

10.3 

2.8 

30.0 

12.8 

2.0 

2.4 

13 

42.6 

10.3 

2.7 

31.2 

12.8 

1.9 

2.3 

15 

35.6 

17.7 

2.  1 

30.3 

13.3 

1.5 

2.0 

16 

35.6 

19.7 

2.9 

28.6 

12.8 

15 

2.1 

17 

39.3 

15.4 

2.3 

29.5 

12.4 

1.7 

2.3 

18 

38.8 

15.8 

2.2 

29.3 

12.5 

1.7 

2.3 

6 

39.2 

12.0 

2.1 

31.8 

13.9 

1.7 

2.1 

7 

41.2 

9.9 

1.7 

32.5 

13.7 

1.8 

2.  2 

8 

41.5 

8.4 

2.2 

34.2 

1 1  r, 

1.8 

2.1 

9 

42.8 

8.2 

2.6 

33.7 

14.6 

1.9 

2.  2 

The  silica-sesquioxide  ratio  of  soil  colloids  is  con- 
trolled by  the  kind  and  amount  of  clay  minerals  present. 
The  relation  of  the  silica-sesquioxide  ratio  to  the 
character  and  behavior  of  soils  is  hence  a  resultant  of 
effect  of  the  clay  minerals.  Soils  with  colloids  having 
ratios  higher  than  2,  indicating  the  presence  of  mont- 
morillonite  group  clay  minerals,  tend  to  have  greater 
volume  changes  than  soils  with  ratios  less  than  2. 

Values  for  the  volume  change  and  lineal  shrinkage  of 
the  19  base-course  materials  from  Georgia  and  Alabama 
tire  given  in  table  3.  Chemical  analyses  and  silica- 
sesquioxide  and  silica-alumina  ratios  of  six  additional 
soils  are  given  in  table  4.  Values  for  volume  change 
and  lineal  shrinkage  of  these  soils  are  given  in  table  5. 
Samples  38,  39,  and  40  represent  subgrade  soils  from 
Alabama  and  Georgia  and  samples  41,  42,  and  43 
represent  soils  from  the  vicinity  of  Washington,  D.  C. 
It  will  be  noted  that  the  silica-sesquioxide  and  silica- 
alumina  ratios  of  the  three  northern  soils  are  greater 
than  those  for  the  three  southern  soils. 

In  figure  1  are  shown  the  relations  between  the  lineal 
shrinkage  and  the  silica-sesquioxide  (Si02/R203)*  and 
silica-alumina  (Si02/Al203)  ratios  for  samples  1  to  19 
inclusive  (tables  2  and  3)  and  samples  38  to  43 
inclusive  (tables  4  and  5).  The  curves  of  figure  1  are 
straight  lines  plotted  by  the  method  of  least  squares  and 
show  a  definite  trend  toward  an  increase  in  lineal 
shrinkage  with  an  increase  in  either  the  silica-sesqui- 
oxide or  sdica-alumina  ratio.  Physical  test  constants 
other  than  lineal  shrinkage  do  not  show  this  trend. 

•R203=A1203+Fe203. 
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Figure    1. — The    Relation    Between    Si02/R203,    Si02/Al203 
Ratios  and  Lineal  Shrinkage  of  Soils. 


Table  3. 


-Volume  change  and  lineal  shrinkage  of  Georgia  and 
Alabama  base-course  materials 


Lineal  shrinkage 

Sample  No. 

Volume  change 
C/=R(FME-S) 

H»(i-;v  10°  ~\ 

V.     V  c,+ wo  J 

2 

1.9 

0.6 

5 

4.0 

1.2 

11 

0 

0 

14 

0 

0 

19 

6.8 

2.1 

1 

7.2 

2.3 

3 

3.6 

1.2 

10 

7.2 

2.3 

4 

8.5 

2.7 

12 

8.5 

2.7 

13 

25.6 

7.2 

15 

1.7 

.5 

16 

6.8 

2.1 

17 

7.2 

2.3 

18 

14.4 

4.4 

6 

9.5 

3.0 

7 

10.8 

3.4 

8 

23.8 

6.9 

9 

10.8 

3.4 

Table  4. — Chemical  analyses  of  colloid  fraction  of  subgrade  soils 


Molecular  ratios 

Sam- 
ple 
No. 

Si02 

Fe2Os 

Ti02 

AI2Oj 

Loss  on 
igni- 
tion 

SiOj 

Si02 

Ai;O,;  +  Fe203 

Al2Oj 

Percent 

Percent 

Percent 

Percent 

Percent 

38 

30.8 

11.7 

2.9 

36.8 

17.  1 

1.2 

1    t 

39 

37.4 

14.1 

4.2 

31.7 

13.3 

1.6 

2.0 

40 

38.4 

14.6 

2.8 

31.8 

12.7 

1.6 

2.  1 

41 

46.0 

5.2 

3.6 

31.7 

12.4 

2.2 

2.5 

42 

47.0 

12.7 

1.2 

25.8 

11.2 

2.4 

3.  1 

43 

48.5 

9.2 

1.0 

28.0 

9.0 

2.4 

3.0 

Table  5. —  Volume  change  and.  lineal  shrinkage  of  subgrade  soils 


Sample  No. 

Volume  change 
C/=R  (FME-S) 

I 
Lineal  shrinkage 

38 
39 
40 
41 
42 
43 

0 

16.5 
21.0 
16.2 
23.4 
28.5 

0 

5.0 

6.2 

4.8 

6.8 

8.0 

Since  there  is  a  relationship  between  the  silica-ses- 
quioxide ratios  and  the  physical  properties  of  soils,  there 
should  be  in  turn  a  relationship  between  the  service 
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behavior  and  silica-sesquioxide  ratio.  That  this  is 
true  is  shown  in  table  6.  Five  base  courses  with  soil 
aggregates  conforming  to  A.  A.  S.  H.  O.  specifications 
contained  colloids  with  silica-sesquioxide  ratios  from 
1.1  to  1.9.  All  of  the  roads  represented  by  these 
samples  gave  satisfactory  performances.  Of  the  re- 
maining 14  soil-aggregates  which  conformed  only  in 
part  with  the  A.  A.  S.  H.  O.  specifications,  those  with 
silica-sesquioxide  ratios  below  1.7  represent  satis- 
factory roads,  those  having  ratios  of  1-7  or  1.8  are  bor- 
derline cases  varying  between  satisfactory  and  fair, 
and  those  with  ratios  of  1.9  and  2.0  are  unsatisfactory. 

Table  6. — Comparison  of  condition  of  roads  with  chemical 
characteristics  of  colloids  from  base  course  materials  from 
Alabama  and  Georgia 


SOILS     CONFORMING     WITH     A.     A.     S.     H.     O. 
(EXCEPTIONS  NOTED) 


SPECIFICATIONS 


Sam- 
ple 

No. 


5 

11 

14 

1  19 


Type  of  material 


Georgia  pebble  soil. 

Topsoil - 

Clay  gravel 

Sand  clay-     .   .   . .  . 
Clay  gravel 


Condition  of  road 


Satisfactory. 

..-do 

.do... 

..do 

•  lo   .. 


Silica- 
sesqui- 
oxide ratio 


I  5 
1.2 
1.3 

1  1 
1   9 


ROILS  WITH  EXCESSIVE  PLASTICITY  INDEX 


Georgia  pebble  soil. 

Sand  clay . 

Clay  gravel 


Satisfactory  . 

..do.  .. 
....do 


I   6 
1.4 

I 


SOILS   WITH   EXCESSIVE   LIQUID   LIMIT   AND    PLASTICITY  INDEX 


I  12 
'  13 

1/ 
'  16 

17 
is 


Sand  clay..  - 
...do 

....do... 

.  .  do 
...do... 

Clav  gravel. 

•lo 


Satisfactory - 
Poor...   . 
do- 
Satisfactory  . 

.-do... 

-do   ._ 
do 


I  i 
2.0 
1.9 

I  5 
1  5 
i  7 
1.7 


SOILS     WITH     EXCESSIVE     DUST     RATIO.      LIQUID      LIMIT,     AND 
PLASTICITY  INDEX 


fi 

7 
8 
9 

Topsoil 

Fair 

do 
do 

1.7 
1.8 

1   8 
1.9 

do..  .    

Clay  gravel   ...    

.do-.. 

...do.    .       

1  Does  not  conform  to  A.  A.  S.  H  O.  gradation  specification. 

The  base  courses  were  from  5  to  8  inches  thick  so 
that  it  was  not  considered  likely  that  the  subgrade  had 
a  marked  effect  on  the  surface  behavior  of  the  roads 
represented  by  samples  1  to  19,  tables  1,  2,  and  3. 

BASE  EXCHANGE  RELATED  TO  SURFACE  COURSE  PERFORMANCE 

Since  a  relationship  between  the  results  of  chemical 
and  physical  tests  and  the  service  behavior  of  soil- 
aggregates  in  base  courses  was  shown,  there  should  be  a 
relationship  between  chemical  factors  and  the  behavior 
of  soil-aggregates  in  surface  courses.  To  test  this 
assumption,  a  study  of  base-exchange  characteristics 
was  made  on  soil-aggregate  samples  from  the  surface 
courses  of  14  roads  in  Maryland  and  4  roads  in  Delaware. 

Base  exchange  was  considered  to  be  of  most  sig- 
nificance in  these  surface  courses  because  a  large  per- 
centage of  the  surfaces  tested  had  been  treated  with 
sodium  chloride  or  calcium  chloride.  Base  exchange 
measurements  take  into  account  the  effect  of  the 
addition  of  these  chemicals,  whereas  silica-sesquioxide 


measurements  are  independent  of  the  addition  of  water- 
soluble  chemicals. 

The  condition  of  these  18  soil-aggregate  surface 
courses  and  the  results  of  the  physical  tests  on  samples 
taken  from  them  are  given  in  table  7.     Samples  20  to 

23,  inclusive,  were  taken  from  4  road  surfaces  in  Dela- 
ware that  subsequently  were  to  serve  as  base  courses 
for  bituminous  surfaces.  However,  at  the  time  they 
were  sampled  and  their  condition  observed,  they  were 
being  used  as  surface  courses  and  therefore  they  are 
considered  as  such  in  this  study. 

The  Standard  Specifications  for  Materials  for  Stabi- 
lized Surface  Course,  M  61-38,  of  the  A.  A.  S.  H.  O.,  re- 
quire that  the  dust  ratio,  B/A,  shall  not  exceed  2/3,  and 
that  the  fraction  passing  the  No.  40  sieve  shall  have  a 
liquid  limit  not  greater  than  35  and  a  plasticity  index 
not  less  than  4  and  not  greater  than  9. 

Samples  20  to  23,  inclusive,  failed  to  meet  the  speci- 
fication requirements  for  surface  courses  in  that  their 
plasticity  indexes  were  too  low.  However,  the  road 
conditions  were  satisfactory  in  the  sections  represented 
by  samples  20,  21,  and  22.  The  road  surface  repre- 
sented by  sample  23  was  unconsolidated  and  very 
dusty  in  summer. 

Materials  represented  by  samples  24  to  37,  inclusive, 
table  7,  were  taken  from  surface  courses  of  Maryland 
roads.  Sample  37  met  the  requirements  of  the 
A.  A.  S.  H.  O.  specifications  for  surface  courses,  except 
for  grading,  but  the  road  surface  was  soft  and  rutted 
under  light  loads.     The  plasticity  indexes  of  samples 

24,  30,  33,  34,  35,  and  36,  were  low.  The  roads  from 
which  samples  24,  33,  and  34  were  taken  were  in  good 
condition.  The  road  represented  by  sample  30  be- 
came soft  when  wet  and  the  surfaces  of  the  sections 
represented  by  samples  35  and  36  were  corrugated  due 
to  a  deficiency  of  binder. 

The  section  from  which  sample  25  was  taken  was  in 
good  condition  and  that  represented  by  sample  26 
was  in  faily  good  condition,  although  the  dust  ratios 
of  these  samples  were  higher  and  the  plasticity  indexes 
lower  than  the  specifications  permit.  Sample  32,  which 
had  an  excessively  high  plasticity  index,  was  repre- 
sentative of  a  road  having  a  number  of  pot  holes  (due 
in  part  perhaps  to  lack  of  maintenance).  Sample  31, 
which  had  a  high  dust  ratio,  was  taken  from  a  road 
that  was  badly  rutted  and  soft  when  wet.  The 
remaining  three  samples,  Nos.  27,  28,  and  29,  which 
had  higher  dust  ratios,  plasticity  indexes,  and  liquid 
limits  than  the  A.  A.  S.  H.  O.  specifications  permit, 
were  taken  from  roads  that  were  badly  rutted. 

Of  the  Delaware  roads,  the  two  represented  by  sam- 
ples 20  and  21  gave  the  best  service.6  The  third  (No. 
22)  was  satisfactory  but  not  quite  as  good  as  the  first 
two.  The  fourth  sample  (No.  23)  represented  material 
that  was  unsatisfactory.  It  did  not  consolidate  and 
was  very  dusty  in  dry  weather. 

Base  exchange  data  for  the  Delaware  and  Maryland 
surface  courses  are  given  in  table  8.  They  show  that,  of 
the  four  samples  from  Delaware,  sample  23  had  a  much 
lower  base  exchange  capacity  than  the  other  three. 
These  results  indicate  that  the  soil  mortar  of  sample  23 
contained  a  much  less  effective  binder  than  the  other 
three  soils  which  show  highly  weathered  and  effective 
binders.  Base  exchange  data  and  condition  of  the 
Delaware  roads  are  compared  in  table  9. 


«  Reported  by  Maxwell  P.  Harrington,  Soils  Engineer,  Delaware  State  Highway 
Department  by  letter— "When  placed  in  the  roadway  they  consolidate  rapidly  and 
become  exceedingly  hard.  They  are  impervious  to  water  when  consolidated  and  do 
not  become  even  slightly  soft  or  muddy." 
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Table  7. — 

Physical  test  data  of  Delaware  and  Maryland  surface  course 

material  as  related  to  road  conditions 

Sieve  analysis  of  samples,  percentage  passing — 

Ratio 
B/A 

Hydrometer 

analysis 

Physical  characteristics  of  material  passing 
the  No.  40  sieve 

Sam- 
ple 
No. 

Hi- 
inch 
sieve 

l- 
inch 
sieve 

M- 

inch 
sieve 

36- 
inch 
sieve 

No. 

4 
sieve 

No. 

10 

sieve 

No. 

40 

sieve 

(--1) 

No. 

200 

sieve 

(3) 

Silt, 
0.05  to 
0.005 
milli- 
meter 

Clay, 
smaller 
than 
0.005 
milli 
meter 

Li- 
quid 
limit 

Plas- 
ticity 
index 

Shrinkage 

Moisture 
equivalent 

Condition  of  road  surface 

Limit 

Ratio 

Cen- 
trifuge 

Field 

20 

100 
87 
100 

98 
82 
99 

94 
75 
98 

94 
75 
98 
100 
74 

44 

62 

54 
52 
84 

43 
73 
48 

54 
66 

47 

46 

77 

55 
52 

68 
62 
40 

31 

40 

43 
39 
71 

23 
59 
35 

29 
43 

30 

29 
55 

13 
11 
13 
7 
21 

23 

28 

31 
31 
62 

13 
42 
16 

12 
12 

13 

7 
28 

0.24 
.21 
.19 
.  11 

.53 

.74 
.70 

.72 

.80 

.87 

.57 
.71 
.46 

.41 

.28 

.43 

.24 
.51 

5 
3 
2 
3 

10 

13 

19 

li, 
[2 

31 

7 

21 
I 

■r, 
1 

2 

2 

n, 

8 
8 
11 
4 
9 

9 

6 

13 

17 
25 

17 

11 

7 

7 

6 

5 

'| 

21 
19 
16 
15 
18 

25 

20 

41 
39 
39 

22 
34 
31 

19 
16 

i; 

15 
22 

1 
0 
0 
0 
2 

3 

3 

10 
11 

in 

3 

8 
11 

3 
0 

0 

0 

4 

23 
21 
21 
26 

1.6 
1.7 
1.7 
1.6 

14 
13 
7 
3 
13 

19 

13 

34 
31 
32 

14 
26 
18 

12 

6 

8 

5 
14 

22 
21 

28 

22 

21 
22 

100 

97 

Do. 
Do. 

23 

24 

100 

79 

100 

88 
90 
99 

101) 
90 
94 

95 
99 

89 

84 
99 

96 

59 

88 

69 
63 
92 

69 
81 
62 

67 
82 

57 

55 

88 

25 

87 

Surface  tight,  but  rough  due  to  lack  of 

26 

maintenance. 

27 

94 
97 
100 

few  soft  spots. 
Surface  badlv  cut  up  and  rutted. 

28 

Rutted  badly,  soft  when  wet. 

29 

Do. 

ill 

Surface  smooth,  soft  when  wet. 

31 

91 
95 

98 
100 

97 

94 
100 

Rutted,  soft  when  wet. 

32 

Pot  holes,  may  be  due  in  part  lo  lack  of 

33 

maintenance. 
Satisfactory.    Loose  mulch  on  top. 

34 

Smooth  in  good  condition. 

35 

Surface     corduroved.    Not      enough 

31, 

binder. 
Do. 

37 

Surface  soft,  rutted. 

Table  8.—  Base    exchange    data    obtained 
Maryland  soils 


with     Delaware    and 


Milli-equivalents  i  of 

base  exchange  capacity 

Predominant 

exchangeable 

base 

Sample 
No. 

Per  100 

Per  100 

pH 

grams  soil 

grains 

passing 

total 

No.40sieve 

sample 

20 

4.0 

2.0 

Ca  and  Mg 

4.8 

21 

2.9 

1.1 

Ca 

4.8 

22 

1  9 

1.3 

Ca 

4.4 

23 

1.2 

.  7 

Ca 

5.0 

24 

3.3 

1.3 

Ca 

7.6 

25 

6.7 

2,  1 

Ca 

7.8 

26 

2.3 

.9 

Ca 

7.4 

27 

8.0 

3.4 

Ca 

7.4 

28 

6.8 

2.7 

Ca 

4.7 

29 

7.5 

5.3 

Ca 

5.8 

30 

10.0 

2.3 

Ca 

7.7 

31 

5.3 

3.  1 

Ca 

5.5 

32 

6.9 

2.  1 

Ca 

1   s 

33 

3.6 

1.0 

Ca 

4.1 

34 

2.9 

1.2 

Ca 

5.  1 

35 

3.8 

1.  1 

Ca 

4.8 

36 

2.0 

.6 

Na  and  Ca 

6.3 

37 

5.0 

2.8 

Ca 

7.7 

1  Milli-equivalent  =  1000  X 


weight  of  substance  in  grams 

chemical  equivalent  weight  of  the  substance 


Table  9. — Co?nparisons  of  road  conditions  with  base  exchange  data 
of  Delaware  soils 


Sample 
No. 

Type  of  material 

Condition 

Base  ex- 
change 
capacity 
milli- 
equivalents 

per  100 

grams  total 

sample 

20 
21 
22 
23 

Clay  gravel.   

do._ ._. 

Smooth  and  well  compacted   . 

2.0 
1.  1 
1.3 

.7 

-    .  do.. 

do 

do 

do 

Unconsolidated.    Dusty  in  summer .. 

According  to  Hogentogler  and  Willis  6  the  stability  of 
a  soil  depends  on  the  cohesiveness  of  the  binder  and 

«  Stabilized  Soil  Roads,  by  C.  A.  Hogentogler  and  E.  A.  Willis,  PUBLIC  ROADS, 
vol.  17,  No.  3,  May  1936,  p.  45. 


the  strength  and  permanency  of  the  adhesion  that  can 
be  developed  between  the  coarser  soil  particles  and 
binders.  Therefore,  if  base  exchange  measurements 
indicate  the  effectiveness  of  the  binder,  the  effectiveness 
in  turn  should  also  be  indicated  by  physical  tests  if  the 
diluting  action  of  the  sand  can  be  eliminated.  To  test 
this  assumption,  the  samples  from  Delaware  roads  were 
sieved  through  the  No.  200  sieve  and  the  physical  tests 
made  on  the  minus  No.  200  material. 

The  test  results,  table  10,  show  that  both  the  liquid 
limit  and  the  colloid  content  of  sample  23A  are  about 
half  those  of  the  other  three.  The  low  colloid  content 
and  low  liquid  limit  are  indicative  of  the  low  efficiency 
of  the  binder  in  the  case  of  this  soil-aggregate.  Higher 
colloid  contents  in  the  other  samples  produced  higher 
physical  test  constants  and  a  more  cohesive  binder. 

Table   10. — Mechanical  analysis  and  physical  characteristics  of 
Delaware  soils  passing  the  No.  200  sieve 

MECHANICAL  ANALYSIS 


Sample 

No. 

Particles  smaller  than  2  millimeters 
(percentage  by  weight) 

Coarse 
sand, 
2.0  to 
0.25 
milli- 
meter 

Fine 
sand, 
0.25  to 

0.05 
milli- 
meter 

Silt, 
0.05  to 

0.005 
milli- 
meter 

Clay, 
smaller 
than 
0.005 
milli- 
meter 

Colloids. 

smaller 
than 
0.001 
milli- 
meter 

20A 
21A 
22A 
23A 

0 
0 
0 
0 

10 
5 

14 
12 

59 
49 
45 
39 

31 
46 
41 
49 

21 
28 

is 
ll 

PHYSICAL  CHARACTERISTICS  OF  MATERIAL  PASSING  NO.  200  SIEVE 


Shrinkage 

Sample 

Liquid 

Plastic- 

No. 

limit 

ity  index 

Limit 

Ratio 

20A 

45 

10 

22 

1.6 

21A 

44 

14 

20 

1.7 

22A 

42 

10 

20 

1.7 

23A 

21 

0 

20 

1.7 
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For  the  14  Maryland  roads,  samples  24  to  37,  the 
condition  of  the  roads  and  the  base  exchange  charac- 
teristics of  the  corresponding  soils  are  listed  in  table  1 1 . 

Table  11. —  Base  exchange  data  and  road  conditions  for  Maryland 
soils  conforming  and  not  conforming  with  A.  A.  S.  IJ.  O.  speci- 
fications 


Milli- 

Sam- 
ple 
No. 

Type  of  material 

t  !onformity  with 
specifications 

equiva- 

lents 

base 

exchange 

capacity 

per  100 

grams 

total 

sample 

Condition  of  road 

i  37 

Rock-soil 

Conforms  except  fur 

grading. 
Plasticity  index  too 

low. 

..do  -. 

2.8 
1.3 
2.3 
1.0 
1.2 
1. ! 

'.6 

•J.  1 

.9 
2.4 

3.  -1 

2.7 

5.3 
3.  1 

Surface  soft,  rutted. 

24 
30 

Limestone  screen- 
ings. 
.  do    . 

Smooth,    well    com- 
pacted 
Smooth,    soft    when 

33 

do 

wet. 

34 
35 

Sand-clay-gravel 

do 

do 

mulch  on  top. 
Smooth,  in  good  con- 
dition. 

36 

....  do 

do 

not  enough  binder. 
Do. 

'25 
'  26 

Topsoil  and  lime- 
stone. 

Limestone  screen- 
ings. 

Sand-gravel 

Gravelly .  

Plasticity  index  too 
low  and  dust  ratio 
too  high. 
.do— 

Surface  tight. 

32 
127 

i  28 

Plasticity  index  too 
high. 

Liquid    limit,    plas- 
ticity   index    and 
dust  ratio,  all  too 
high. 
...do 

mulch  on  top  and 

soft  spots. 
Pot   holes,   may   be 

due  in  part  to  lack 

of  maintenance. 
Surface  cut  up  and 

rutted 

"  29 

do 

do.... 

wet. 
Do. 

1  31 

...do 

Dust  ratio  too  high.. 

Do. 

1  Does  not  conform  to  grading  specifications. 
s  Predominant  exchangeable  base  in  this  soil  is  sodium, 
predominates. 


In  :tll  other  soils  calcium 


Comparing  the  requirements  of  the  A.  A.  S.  H.  O. 
specifications  for  surface  courses  with  the  physical  test 
results  and  the  conditions  of  the  road  surfaces,  it  may 
be  noted  that  samples  failing  to  meet  the  A.  A.  S.  H.  O. 
specifications  due  to  a  low  plasticity  index  represented 
roads  in  both  good  and  unsatisfactory  condition. 
However,  the  base  exchange  capacity  of  the  soil,  cal- 
culated on  the  basis  of  100  grams  total  sample,  shows  a 
striking  correspondence  with  the  service  behavior  of 
the  road.  Six  roads  (represented  by  samples  37,  32, 
27,  28,  29,  and  31)  with  soils  of  base  exchange  capacities 
ranging  from  2.4  to  5.3  were  in  an  unsatisfactory  condi- 
tion with  surfaces  badly  cut  up  and  rutted.  The  sur- 
face represented  by  sample  30,  with  a  base  exchange 
capacity  of  2.3,  was  in  good  condition  in  dry  weather 
but  became  soft  in  wet  weather.  Four  samples  (Nos. 
33,  35,  36,  and  26)  having  base  exchange  capacities  of 
from  0.6  to  1.1  were  from  roads  that  were  corduroyed 
or  had  loose  mulch  on  top.  The  remaining  three 
samples  were  all  from  roads  in  good  condition,  and  for 


these  samples  the  base  exchange  capacity  varied  from 
1.2  to  2.1.  Hence  it  is  possible  to  correlate  the  service 
behavior  of  these  roads  with  the  base  exchange  capac- 
ity of  the  soil-aggregate  in  the  road.  The  soils  can  be 
arranged  into  three  groups  according  to  their  base 
exchange  capacities  as  follows: 

1.  High  base  exchange  capacity.  The  binder  is  over- 
active, causing  detrimental  effects  resulting  in  roads 
with  poor  surfaces. 

2.  Medium  base  exchange  capacity.  This  gives  the 
desirable  results  of  consolidation  and  bonding  of  the 
road  surface. 

3.  Low  base  exchange  capacity.  The  resulting  detri- 
mental effects  are  loose  and  unconsolidated  material. 

Soils  can  be  classified  in  this  manner  even  if  they 
show  uniform  physical  test  constants  because  the  chemi- 
cal characteristics  of  soils  seem  to  be  the  fundamental 
factors  controlling  physical  properties.  Particle  size 
thus  becomes  a  secondary  factor.  In  some  cases  its 
effect  is  greatly  modified  by  chemical  variations. 

Soils  conforming  to  A.  A.  S.  H.  O.  specifications  are, 
in  general,  satisfactory.  Those  not  conforming  to  the 
specifications  may  be  satisfactory  road  materials  be- 
cause of  their  particular  chemical  properties.  These 
chemical  properties  appear  to  be  more  important  than 
has  been  generally  realized. 

Table  8  contains  a  column  showing  the  results  of 
hydrogen  ion  (pH)  measurements  on  the  Delaware  and 
Maryland  soils.  They  are  included  as  a  matter  of 
record,  but  pH,  in  this  study,  has  not  been  found  to 
bave  any  relation  to  either  physical  tests  or  service 
behavior. 

SUMMARY 

The  data  presented  warrant  the  following  conclusions: 

1.  Not  all  soils  can  be  adequately  classified  for  road- 
building  purposes  by  physical  tests  alone.  The  chemis- 
try of  the  soils  must  also  be  considered  in  many  cases. 

2.  There  is  a  general  relationship  between  the  silica- 
sesquioxide  ratios  of  the  colloid  fractions  of  soils  and 
the  lineal  shrinkages  of  the  same  soils. 

3.  The  condition  survey  showed  that  roads  having 
soil-aggregate  base  courses  whose  colloid  fractions  had 
low  silica-sesquioxide  ratios  were  in  better  condition 
than  those  with  higher  ratios. 

4.  Base  exchange  measurements  indicate  the  activity 
of  the  binder  portion  of  the  soil. 

5.  The  base  exchange  capacity  of  the  binder  soil  was 
directly  related  to  the  service  behavior  of  18  road  sur- 
faces examined.  Surface  courses  having  base  exchange 
capacities  above  2.2  milliequivalents  per  100  grams  of 
sample  were  soft  and  rutted.  With  the  exception  of 
sample  21,  those  having  base  exchange  capacities  below 
1.2  milliequivalents  were  corduroyed  and  did  not  con- 
solidate. For  values  of  the  milliequivalent  from  1.2  to 
2.1,  inclusive,  the.  surfaces  of  the  roads  were  in  satis- 
factory condition. 


(Continued  from  page  186) 

For  the  condition  of  ultimate  failure  in  the  stabilometer 
test,  the  value  of  G  is  taken  as  zero,  and  with  reference 
to  the  computed  values  of  C,  table  2,  it  is  seen  that 
only  for  the  condition  of  100  percent  maximum  density 
is  this  soil  able  to  deform  in  place  without  failure 
under  a  principal  stress  difference  of  6,000  pounds  per 
square  foot  which  corresponds  to  a  unit  surface  load 


of  10,344  pounds  per  square  foot.  For  this  particular 
table,  a  decrease  of  4.8  percent  in  moisture  content 
(24.5  to  19.7  percent)  is  attended  by  a  relatively  small 
gain  in  dry  density  (from  103  to  105  pounds  per  cubic 
foot).  However,  the  increase  in  C  corresponding  to 
this  moisture  difference  is  quite  large  and  is  indicative 
of  benefits  derivable  from  having  a  well-compacted  and 
stable  subgrade. 


December  1940 


PUBLIC  ROADS 


199 


Table  2. —  The  effect  of  moisture  content  and  compaction  on  the  modulus,  C,  of  a  clay  soil  and  on  the  settlement,  SL,  of  this  soil  when 

under  a  uniformly  loaded  circular  area  of  radius  6.5  inches,  ju=J>4 


Soil 
moisture 
content 

Dry  density 

Modulus,  C,  corresponding  to  principal  stress  difference, 
v-l 

Settlement,  St,  corresponding  to  unit  load, 
v—l    z    „ 

»-Z=500 

v—l  =  1,000 

!>-*  =  3,000 

»-Z=6,000 

p  =  862 

p= 1,724 

p  =  5,172 

p  =  10,344 

Percentage 
of  dry 
weight 

36.2 

30.5 

24.5 

19.7 

Pounds  per 
cubic  foot 
86 
92 
103 
105 

Percentage 
of  maxi- 
mum 
density 
82 
88 
98 
100 

Pounds  per 

square  foot 

50.000 

170, 000 

600, 000 

900,000 

Pounds  per 

square  foot 

'0 

80,000 

440, 000 

790, 000 

Pounds  per 

square  foot 

'0 

>0 

120, 000 

590, 000 

Pounds  per 

square  foot 

10 

>  0 

i  li 

250, 000 

Inchts 

0.  17 

.05 

.01 

.01 

Inches 

('-') 

0.21 

.04 

.02 

Inches 

(2) 

(2) 

0.42 

.00 

Inches 

<-i 

<-) 
0.40 

1  Samples  failed  at  these  principal  stress  differences. 

2  Failure. 

CONCLUSIONS 

On  the  basis  of  the  earlier  report  7  and  on  the  com- 
putations and  data  in  this  report,  it  is  believed  that  the 
following  general  conclusions  are  warranted. 

1.  For  a  uniform  load  on  a  circular  area  at  the  earth 
surface,  failure  of  a  cohesive  supporting  earth  is  most 
likely  to  begin  at  any  point  of  a  basin-shaped  surface 
intersecting  the  axis  of  symmetry  at  a  depth  equal  to 
about  0.7  of  the  radius  of  the  loaded  circular  area  and 
extending  to  the  perimeter.  For  points  on  this  sur- 
face, the  principal  stress  differences  have  maximum 
values. 

2.  Since  stresses  of  a  certain  magnitude  may  be  in- 
sufficient to  cause  failure  of  the  subgrade  and  yet  suf- 
ficient to  cause  considerable  settlement,  depending  on 
the  properties  of  the  subgrade,  a  knowledge  of  the  stress- 
deformation  characteristics  of  the  subgrade  soil  is  ab- 
solutely necessary. 

3.  It  is  believed  that  development  of  a  method  of 


7  Stresses  Under  Circular  Loaded  Areas,  by  L.  A.  Palmer.   Proceedings  of  the  High- 
way Research  Board,  vol.  19,  1939. 


estimating  deflections  of  the  subgrade  on  the  basis  of 
laboratory  test  data  and  without  the  necessity  of  load- 
ing tests  in  the  field  is  a  desirable  objective. 

4.  A  method  is  described  for  determining  the  modu- 
lus of  deformation  of  cohesive  soils  by  means  of  the 
triaxial  compression  device.  In  general  this  is  a 
secant  modulus  that  diminishes  in  magnitude  as  the 
principal  stress  difference  is  increased. 

5.  By  substituting  the  appropriate  value  for  this 
modulus  in  integrated  expressions  similar  to  those  that 
apply  to  elastic  behavior,  it  is  possible  to  make  some 
sort  of  estimate  of  the  deflection  of  the  supporting  soil 
under  load. 

6.  It  is  shown  that  the  movement  under  stress  di- 
minishes according  to  determinable  relations  as  the 
thickness  of  pavement  is  increased,  assuming  that  both 
lateral  yield  and  compaction  within  the  flexible  pave- 
ment itself  is  relatively  small. 

7.  Values  of  settlement  computed  from  theory  and 
stabilometer  test  data  indicate  the  possibility  of  very 
materially  reducing  deflections  under  wheel  loads  by 
having  the  subgrade  compacted  to  maximum  density. 


(Continued  from  page  192) 

It  would  appear  from  the  speed  distributions  that  the 
effect  of  highway  lighting  at  this  hazardous  location 
was  a  reduction  in  the  average  speed  when  the  pave- 
ment was  wet.  However,  concrete  pavement  has  a 
tendency  to  appear  slippery  at  night  when  wet,  whether 
the  light  is  from  an  overhead  source  or  from  the  head- 
lights of  vehicles.  Such  accentuation  of  the  appear- 
ance of  slipperiness  may  account  for  this  marked  re- 
duction in  speed',  but  it  is  impossible  from  the  results 
obtained  to  determine  to  what  extent,  if  any,  the  over- 
head lights  influenced  vehicle  speeds  when  the  pave- 
ment was  wet. 

The  speed  counter  was  operated  continuously  for  96 
hours  at  a  position  on  the  tangent  at  the  top  of  the  hill. 
This  counter  merely  classified  the  vehicles  by  their 
speeds  into  10  groups,  and  the.  total  number  of  vehicles 
in  each  group  was  manually  recorded  at  the  end  of  each 
horn-.  Despite  the  fact  that  speeds  at  night  under 
lights  at  this  position  may  not  be  representative  of 
normal  behavior,  this  phase  of  the  study  is  of  particular 
interest  because  it  represents  perhaps  the  longest  con- 
tinuous record  of  vehicle  speeds  ever  collected. 
.  Table  4  shows  the  average  speed  of  vehicles  and  the 
distribution  of  speeds  in  10  groups.  As  might  be  ex- 
pected, the  average  speed  during  daylight,  38.5  miles 


per  hour,  is  faster  than  the  average  speed  at  night. 
The  average  speed  with  the  lights  on,  35.0  miles  per 

Table  4. — Percentage  of  vehicles  traveling  in  various  speed  groups 
during  daytime  and  nighttime  while  pavement  was  dry  and  while 
pavement  was  wet  ' 


Daylight  hours, 

Night  hours,  6 
to  6  a.  m 

I),  in. 

Speed  group,  miles  per  hour 

Pavement  dry 

Pave- 
ment 
wet, 
lights 
on 

Dry 
pave- 
ment 

Wet 

pave- 
ment 

Lights 
off 

Lights 
on 

Percent 

5.2 

6.4 

11.1 

25.  1 

25.9 

13.6 

8.4 

2.8 

.  5 

.7 

Below  19.1 

Percent 

2.8 

3.2 

7.5 

19.1 

30. 1 

17.0 

12.6 

5.7 

1.  1 

.9 

Percent 
3.6 
5.6 

10.0 
22.4 
32.7 
13.  6 
8.0 
3.  1 
.  5 
.5 

Percent 

2.6 

4.6 

9.8 

24.6 

31.4 

14.0 

7.6 

3.4 

.9 

1.1 

Percent 
2.4 

19.1-25.0.... 

25.1-29.7 

29.8-35.1..    . 

4.6 
11.8 
29.5 

35.2-41.4 

31.9 

41.5-45.4.. 

11.5 

45.5-50.3  ..                             .. 

5.8 

50.4-56.3. 

56.4-59.5...             

2.  1 
2 

Over  59.5. 

.3 

Average  speed 

Vehicles  per  hour 

38  5 

197 

5,886 

36.5 

174 

1,722 

36.8 

84 

1,989 

35.0 
82 
966 

35.8 

73 

874 

1  Data  for  8  hours  of  study  between  0  and  7  a.  m.  and  between  5  and  6  p.  m.  and 
for  1  hour  at  night  with  pavement  wet,  lights  off,  are  not  included  in  this  table 
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Figure     12. —  Traffic    Volumes    and     Average    Speeds    by 

Hours. 

hour,  is  less  than  the  average  of  36.8  miles  per  hour 
found  with  the  lights  off.  Wet  pavement  resulted  in  a 
decrease  of  speed  in  daytime,  but  a  slight  increase  at 
night  with  the  highway  illuminated,  a  change  that  is 
inexplicable.  It  is  significant  that  where  a  reduction 
of  average  speed  occurs  (table  4)  it  results  from  a  gen- 
eral lowering  of  speeds  in  all  speed  ranges  rather  than 
because  of  a  marked  decrease  in  the  number  of  vehicles 
in  the  higher  speed  groups.  Under  all  conditions,  some 
vehicles  moved  at  60  miles  per  hour  or  faster  despite 
the  35-mile  speed  limit. 

Figure  12  shows  graphically  the  variation  in  average 
speed  and  traffic  volume  by  hours.  The  consistency  of 
the  records  is  shown  very  clearly  in  this  figure,  for  in  no 
daylight  hour  was  the  average  speed  on  wet  pavement 
as  great  as  that  on  dry  pavement.  This  condition  was 
reversed  when  the  highway  was  lighted,  as  in  the  early 
evening,  and  thereafter  throughout  the  night  the  aver- 
age speed  on  wet  pavement  remained  consistently  higher 
than  that  when  the  pavement  was  dry. 

SUMMARY 

In  interpreting  the  significance  of  the  results  of  this 
investigation,  several  factors  should  be  borne  in  mind. 

1.  The  traffic  volumes  were  relatively  low,  and  the 
effect  of  lights  on  the  speed  of  traffic  as  shown  here  may 
be  entirely  different  from  that  for  greater  traffic  volumes. 


2.  The  alinement  and  grade  of  the  short  length  of 
road  studied  may  have  prevented  drivers  from  driving 
normally  under  any  one  condition. 

3.  The  novelty  of  the  lights  being  off  for  the  first  time 
in  several  years  may  well  have  had  an  influence  on 
drivers  accustomed  to  using  the  road. 

4.  The  number  of  vehicles  for  which  the  speeds  were 
recorded  at  night  was  not  great. 

5.  The  final  criterion  of  effectiveness  of  lighting 
installations  should 'be  the  effect  on  safety  as  revealed 
by  before-  and  after-accident  records. 

These  considerations  almost  preclude  comparison  of 
the  results  obtained  in  this  study  with  those  obtained 
elsewhere.  Results  of  the  study,  however,  seem  to  per- 
mit the  following  conclusions: 

1.  There  are  measureable'differences  in  the  behavior 
of  drivers  during  daylight  and  darkness.  These  dif- 
ferences are  most  apparent  in  the  transverse  position  of 
vehicles  and  in  the  frequency  of  passing.  There  is 
evidence  that  speed  is  also  affected,  but  in  this  study  the 
evidence  cannot  be  considered  conclusive. 

2.  The  behavior  of  drivers  operating  on  a  lighted 
highway  conforms  very  nearly  to  their  behavior  in  day- 
light but  does  not  conform  to  their  behavior  on  unlighted 
highways  at  night,  insofar  as  transverse  position  and 
passing  frequency  are  concerned. 

3.  Conditions  of  illumination,  as  well  as  alinement 
and  weather  conditions,  have  no  apparent  effect  on  the 
normal  distribution  of  time  spacings  between  vehicles. 

Other  findings  of  general  interest  are: 

4.  A  posted  speed  limit,  when  unenforced,  has  little 
effect  upon  the  speeds  of  vehicles.  Speeds  as  high  as 
82  miles  per  hour  were  recorded  on  the  study  section 
where  the  posted  limit  was  35  miles  per  hour,  and  hourly 
averages  were  seldom  below  this  legal  limit.  This  speed 
limit  appears  unreasonably  low  because  the  locality  is 
distinctly  rural  in  character  although  within  corporate 
limits. 

5.  There  is  a  certain  minority  of  drivers  on  the  road  at 
all  times  who  are  prone  to  take  risks.  This  is  brought 
out  rather  clearly  in  the  passing  study,  in  which  drivers 
were  found  passing  where  sight  distances  were  entirely 
too  short  for  safety. 
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APPLICATIONS  OF  AUTOMATIC  TRAFFIC 
RECORDER  DATA  IN  HIGHWAY  PLANNING 

BY  THE  DIVISION  OF  HIGHWAY  TRANSPORT.  PUBLIC  ROADS  ADMINISTRATION 

Reported  by  L.  E.  PEABODY,  Senior  Highway  Economist,  and  O.  K.  NORMANN,  Associate  Highway  Economist 


ONLY  a  few  years  ago 
information  with  re- 
gard to  the  volume 
of  motor-vehicle  traffic  by 
hours  throughout  the  year 
was  available  only  at  a 
few  bridges,  where  it  was 
obtained  incidental  to  the 
collection  of  tolls.  Usually 
these  data  were  summa- 
rized and  reported  only  as 
an  annual  total  or,  at 
best,  subtotals  were  ob- 
tainable by  months.  The 
need  for  complete  traffic 
flow  information  was  rec- 
ognized, but  until  the 
State-wide  highway  plan- 
ning surveys  were  begun 
no  concerted  effort  was 
made  to  obtain  such  data 
on  anything  approaching 
a  Nation-wide  scale.  To- 
day, at  more  than  500 
points  throughout  the 
country,  and  in  nearly 
every  State,  traffic-flow 
information  is  being  ob- 
tained by  means  of  per- 
manently installed  traffic 
counters.  At  many  hun- 
dreds of  additional  points 
this  information  is  col- 
lected by  means  of  port- 
able traffic  counters.  The 
cost  of  this  mechanical 
counting  is  but  a  small 
fraction  of  the  cost  of 
manual  counting. 

Since  detailed  traffic  da- 
ta are  so  recently  available 

and  the  record  correspondingly  short,  it  is  quite  certain 
that  not  all  of  the  practical  uses  of  these  data  have 
developed.  Indeed  the  record  is  so  short  that  an 
adequate  study  of  some  applications  of  the  data  is  not 
possible.  Nevertheless,  it  is  clear  that  the  principal 
uses  of  these  data  are  as  follows:  (1)  In  measuring  the 
time  during  which  a  section  of  highway  is  congested, 
and  the  fraction  of  the  year's  traffic  that  moves  under 
conditions  of  congestion;  (2)  in  compiling  a  traffic 
record,  obtained  under  widely  varying  climatic,  geo- 
graphic, and  economic  conditions,  essential  in  planning 
extensive  traffic  surveys  such  as  those  forming  a  part 
of  the  highway  planning  surveys,  and  in  which  some 
traffic  information  is  obtained  for  every  mile  of  publicly 
used  highway;  (3)  in  acquiring  knowledge  of  the  varia- 
tions in  traffic  volume  required  in  expanding  short 
traffic  counts  covering  but  a  small  fraction  of  the  year 
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Automatic  traffic  recorders  are  being  used  in  46 
States  to  obtain  continuous  records  of  traffic  flow  at 
more  than  500  locations.  Analysis  of  data  from 
typical  stations  throughout  the  United  States  shows 
that  there  was  an  extremely  wide  variation  in  the  ratios 
between  traffic  for  maximum  days  or  hours  and  the 
average  annual  daily  traffic,  but  this  variation  was 
considerably  less  at  locations  in  the  southern  States 
as  compared  with  those  in  northern  States.  Traffic 
on  the  maximum  day  was  normally  233  percent  and 
the  maximum  hour  25.4  percent  of  the  annual  average 
daily  traffic.  It  is  uneconomical  to  design  the  average 
highway  for  a  greater  hourly  volume  than  the  value 
exceeded  during  the  30  peak  hours  each  year,  and 
little  will  be  saved  in  the  construction  cost  and  a  great 
deal  lost  in  expediting  the  movement  of  traffic  if  the 
design  will  not  handle  the  volume  exceeded  during  the 
50  peak  hours.  However,  the  variation  in  traffic 
flow  between  locations  is  such  that  detailed  data  are 
necessary  for  a  complete  engineering  analysis  of  the 
traffic  facilities  required  at  any  particular  location. 

Tests  of  various  schedules  of  operation  that  are  used 
in  highway  planning  surveys  indicate  that  eighteen 
8-hour  counts  properly  scheduled  throughout  the  year 
produce  results  within  practical  limits  of  accuracy; 
that  the  short  count  schedule  by  single  hours,  or  shorter 
periods,  is  not  as  accurate,  and  its  use  is  limited  to 
relatively  compact  areas  such  as  a  city  where  time  loss 
and  cost  of  travel  may  be  reduced. 

A  study  of  the  invariance  in  seasonal  and  other  types 
of  traffic  variation  over  a  period  of  several  yeais 
provides  a  measure  of  the  limitations  in  the  use  of 
factors  in  estimating  annual  traffic  from  observations 
covering  but  a  small  period  of  time,  possibly  a  few  hours. 
The  rather  remarkable  uniformity  in  such  factors 
provides  considerable  confidence  in  the  accuracy  of 
the  estimates. 

As  the  traffic  records  accumulate  they  will  permit  an 
analysis  of  the  traffic  trends  at  a  large  number  of 
points  widely  distributed  throughout  the  country  and 
should  furnish  data  useful  in  setting  up  regional  or 
national  business  indices.  The  relatively  brief  record 
now  available  has  already  proved  of  value  in  making 
estimates  of  traffic  increases  on  major  segments  of  the 
highways  and  streets  of  the  Nation. 


to  obtain  reasonably  ac- 
curate estimates  of  the 
traffic  total  for  the  year; 
and  (4)  the  traffic  record 
is  of  vital  importance  in 
the  study  of  traffic  trends 
and  their  relationships  to 
economic  factors  and  to 
probable  future  traffic.  It 
is  mainly  with  regard  to 
the  latter  use  that  the 
record  is  inadequate;  and 
this  deficiency  is  being 
reduced  as  the  records  ac- 
cumulate with  each  pass- 
ing month  and  year. 

The  automatic  traffic 
counters  used  in  the  State- 
wide highway  planning 
surveys  are  of  two  general 
types;  one  designed  to 
be  installed  permanently 
at  key  locations  and  re- 
ferred to  as  a  fixed-type 
recorder;  and  a  portable 
counter  used  in  obtaining 
short  counts  at  a  large 
number  of  widely  sepa- 
rated locations. 

AUTOMATIC  RECORDERS  YIELD 

HOURLY  RECORDS  OF 

TRAFFIC  FLOW 

The  fixed-type  machine ' 
is  much  larger,  more  ex- 
pensive, and  more  de- 
pendable than  the  port- 
able traffic  counter.  The 
fixed-type  machines  are 
designed  to  count  passing 
vehicles  without  counting 
pedestrians.  Two  parallel  beams  of  light  approximately 
30  inches  center  to  center,  directed  across  the  roadway 
upon  photoelectric  cells,  must  be  interrupted  simul- 
taneously to  operate  the  counting  mechanism.  Pedes- 
trians, who  interrupt  only  one  beam  at  a  time,  are  not 
counted  by  the  machine.  Every  hour,  on  the  hour, 
these  machines  stamp  on  a  record  tape  the  day,  hour, 
and  cumulative  counter  reading,  thus  producing  an 
hourly  record  of  the  number  of  vehicles  passing  the  lo- 
cation. The  cost  of  one  of  these  machines  is  approxi- 
mately $400  and  the  average  cost  of  installation  is  approx- 
imately $125  per  machine.  A  survey  of  the  operating 
costs  in  1938  for  all  States  using  this  equipment  gave 
the  average  cost  of  operating  one  fixed- type  automatic 
recorder  at  a  rural  location  for  a  month  as  follows: 


i  The  May  1938  issue  of  PUBLIC  ROADS  carries  a  detailed  description  of  these 
machines. 
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<  )verhead $4.  87 

Supervision 3.  51 

Maintenance: 

Labor $7.  04 

Subsistence 1.  78 

Travel 8.  86 

Power 4.  36 

Supplies,  etc 2.  88 

Total  maintenance 25.  52 

Preparation  of  records 10.  09 

Grand  total 43.  99 

The  portable-type  traffic  counters  used  in  the  plan- 
ning surveys  consist  of  two  general  types,  the  recording 
counter  and  the  cumulative  or  nonrecording  counter.2 
The  recording-type  machine  produces  records  by 
printing  or  photographing  the  cumulative  counter 
reading  on  a  record  tape  every  hour  on  the  hour.  The 
cumulative  counter  enables  a  record  to  be  obtained 
only  of  the  total  traffic  passing  the  machine  between 
readings  by  an  observer.  In  a  few  instances,  cumula- 
tive counters  have  been  equipped  with  a  clock  that 
starts  and  stops  the  machine  at  predetermined  times, 
thus  eliminating  the  necessity  for  placing  the  machine 
and  picking  it  up  at  a  definite  time. 

The  operating  mechanisms  of  the  portable  counters 
are  of  two  types — electrically  operated  and  mechan- 
ically operated.  The  majority  of  the  mechanically 
operated  machines  are  an  adaptation  of  a  watch  or 
clock,  so  arranged  that  the  escapement  is  operated 
when  the  wheels  of  a  vehicle  pass  over  the  detector. 
These  counters  have  generally  been  referred  to  as 
watch-type  counters.  So  far  this  type  of  construction 
has  been  confined  to  cumulative  counters.  However, 
work  is  in  progress  to  develop  a  recording  counter  that 
will  be  entirely  spring  operated. 

Most  of  the  portable  machines  now  in  operation 
make  use  of  a  pneumatic  detector  consisting  of  a  rubber 
tube  placed  across  the  roadway  and  a  diaphragm  of 
some  flexible  material  at  one  end  of  the  tube.  The 
air  impulse  produced  when  each  pair  of  wheels  of  a 
vehicle  passes  over  the  tube  causes  the  diaphragm  to 
move,  which,  in  turn,  either  actuates  the  contacting 
elements  controlling  the  counting  circuit,  or  operates 
directly  the  escapement  of  the  counting  mechanism. 
Other  detectors  used  with  portable  machines  are  a 
photoelectric  device  using  one  light  beam,  and  a 
positive-contact  device  consisting  of  two  strips  of 
spring  steel,  enclosed  in  a  waterproof  casing,  which 
make  contact  when  pressed  together  by  the  wheels  of  a 
vehicle   passing  over  them. 

The  cost  of  portable  counters  ranges  from  $10  for  the 
watch-type  cumulative  counter  to  $225  for  the  hourly 
recording  type  machine.  A  number  of  States  have 
constructed  cumulative  counters  of  the  electrically 
operated  type  at  a  cost  of  approximately  $25  per 
machine,  all  of  which  use  the  pneumatic  detector. 
One  State  has  constructed  recording  counters  using  the 
pneumatic  detector  at  a  cost  of  approximately  $80  per 
machine.  Another  State  has  constructed  a  portable 
counter  using  a  photoelectric  detector  with  a  photo- 
graphic recording  device  at  a  cost  of  approximately 
$125  per  machine. 

The  portable  traffic  recorders  have  not  been  in  use  a 

2  A  simple  counter  of  this  type  is  described  in  the  January  1939  issue  of  PUBLIC 
ROADS. 


sufficient  length  of  time  for  the  cost  of  their  operation 
to  have  been  accurately  determined.  One  difficulty  in 
determining  the  cost  of  records  is  that  it  depends  almost 
entirely  on  the  distance  between  stations  and  the 
schedule  upon  which  they  are  operated.  One  State 
has  reported  a  total  cost  of  $1.62  per  count  for  24-hour 
counts  obtained  with  the  simple  cumulative  counter. 
This  cost  includes  salary,  mileage,  parts,  powrer,  and 
incidentals.  Another  State  reports  a  total  cost  of 
approximately  87  cents  per  24-hour  count.  These 
figures  are  for  eastern  States  where  stations  are  close 
together.  The  estimated  monthly  cost  of  operation 
(parts,  batteries,  and  incidentals)  is  $4  for  one  of  the 
recording-type  portable  machines.  The  operating  cost 
of  the  cumulative  counters  is  less  than  that,  so  it  is 
very  evident  that  the  charges  for  salary  and  mileage 
are  the  major  part  of  the  cost  of  counting  traffic  with 
portable  traffic  counters. 

Experimental  development  and  field  tests  of  the 
automatic  traffic  counters  were  carried  on  throughout 
1935,  and  84  of  the  fixed-type  machines  were  placed  in 
operation  by  the  States  during  1936.  In  1937,  115 
additional  fixed-type  counters  were  installed;  in  1938, 
120;  in  1939,  168;  and  up  to  July  1940,  45  new  fixed- 
type  machines  were  placed  in  operation.  A  total  of 
532  such  machines  were  in  operation  during  July  1940. 
A  complete  statement  of  the  record,  by  States,  is  given 
in  table  1,  and  the  locations  of  these  machines  are 
indicated  in  figures  1,2,  and  3. 

Locations  for  the  machines  were  chosen  by  the 
States  with  the  assistance  of  the  Public  Roads  Adminis- 
tration. Detailed  knowledge  of  economic  areas  within 
the  States  and  of  the  character  of  traffic  using  individual 
routes  were  factors  in  the  selection  of  locations.  Con- 
sequently, farm-to-market  roads,  roads  used  largely  by 
tourist  traffic,  and  roads  upon  which  intercity  commer- 
cial traffic  is  a  considerable  fraction  of  total  traffic,  are 
included  among  the  locations. 

To  obtain  information  regarding  the  fluctuation  of 
traffic  flowr  on  primary  highways,  automatic  traffic 
counter  records  for  90  stations  located  on  the  main 
U.  S.  numbered  highways  have  been  analyzed.  In 
selecting  record  stations  for  analysis,  an  attempt  was 
made  to  include  scattered  locations  so  that  the  figures 
for  annual  traffic  volumes  would  cover  a  wide  range 
and  be  geographically  distributed  throughout  all 
sections  of  the  United  States.  The  traffic  records  for 
each  of  the  selected  stations  show  the  number  of 
vehicles  for  almost  each  hour  during  at  least  1  full  year. 

FLUCTUATIONS  IN  TRAFFIC  FLOW  GREATER  IN  NORTH  THAN 
IN  SOUTH 

Table  2  shows  the  location,  the  period  used  for  the 
analysis,  and  the  annual  average  24-hour  traffic  volume 
for  each  of  the  stations.  Stations  located  in  43  States 
and  having  annual  average  24-hour  traffic  volumes 
ranging  from  311  to  13,624  vehicles  were  used. 

Figure  4  shows  the  maximum  24-hour  traffic  volume 
at  each  location  during  the  year,  plotted  against  the 
annual  average  24-hour  traffic  volume.  For  any  an- 
nual volume,  there  is  a  large  variation  in  the  peak  day 
during  the  year.  For  example,  the  roads  with  an 
annual  average  of  about  4,000  vehicles  per  day  have 
from  6,000  to  18,000  vehicles  on  the  peak  day,  or  a 
variation  of  300  percent.     The  average  shown  by  the 
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solid  line  indicates  that  there  is  a  slight  drop  from  a 
straight-line  relationship  as  the  volume  increases.  For 
sections  that  have  annual  averages  between  2,000  and 
4,000  vehicles  there  is  a  marked  sag  in  the  curve.  On 
an  average,  the  maximum  24-hour  traffic  volume  was 
2.45,  2.20,  and  2.34  times  the  annual  average  24-hour 
volume  for  locations  with  annual  averages  below  2,000, 
between  2,000  and  4,000  and  over  4,000  vehicles, 
respectively. 

Table    1. — Number  of  automatic  traffic  counters  '    which  started 
operation  in  various  years 


1936 

1937 

1938 

1939 

1940 

Alabama 

9 

1 

Arizona 

7 

Arkansas 

11 

5 

Calilornia 

10 

1 

2 

3 
20 

Connecticut . 

Florida 

6 

4 

o 

Gi    rgia -      .-     

12 

Idaho 

4 

Illinois  

1 

5 

14 
12 

4 
2 

1 

Iowa 

10 
3 

2 
2 
6 
1 

S 
1 

Kansas . 

4 
2 

5 
4 

Maryland 

10 

2 

Massachusetts 

1 

Michigan 

1 

9 

8 
2 

Minnesota - 

16 

10 
5 

8 

6 

Mississippi 

Missouri 

5 

7 
i. 
o 
2 

1 

5 
1 

3 

Nevada -..  

New  Hampshire ..  . 

2 

1 

New  Mexico .  -  - . 

9 

1 
12 
4 
2 

5 

New  York 

9 

North  Carolina ... 

North  Dakota ... 

3 

2 
9 
2 
1 

1 

Ohio 

in 

Oklahoma-.. 

n 

Oregon 

3 
20 
4 
1 
5 
4 
10 

1 

1 

7 

Rhode  Island   

South  Carolina..-  .-  - 

6 

6 

South  Dakota ..- 

3 

Texas 

Ctah 

1 
2 

2 
4 

1 

14 

1 

2 

Vermont...   .-.       

1 

3 

3 
4 
4 

7 

7 

Wisconsin ..  ._. 

8 
3 

Wyoming  .     _  _  ._  -_ 

Total 

84 

115 

120 

168 

45 

Cumulative  total 

84 

199 

319 

487 

53? 

1  Machines  operating  in  July  1940. 

Table  2. — Location  of  automatic  traffic  recorders  used  to  obtain 
data  for  study  of  fluctuation  in  traffic  density 


Location 

Period  used 

Annual 

State 

State's 

recorder 

station 

No. 

United  States  route 
No. 

From — 

To— 

average 

24-hour 
traffic 
volume 

Alabama 

{!::::::: 

11 

ft"-- 

f6  and  7  . 

117 -. 

fl  - 

72 

78 

60,  70,80-. 

1-  1-39 
12-25-37 
7-  7-39 
1-28-39 
1-  1-39 
7-10-37 
2-20-37 
2-27-37 
6-26-38 
3-31-39 
3-31-39 
11-27-38 
1-  1-38 
5-15-37 
1-  1-39 

12-31-39 

12-24-38 

7-  6-40 

1-27-40 

12-31-39 

7-  9-38 

2-19-38 

2-26-38 

6-25-39 

3-30-40 

3-30-40 

11-26-38 

12-31-38 

5-14-38 

12-31-39 

12-31-39 

531 
1,073 
7,174 

Arizona . 

60  and  89 

1,743 

63    . 

311 

99    . 

5, 815 

California 

99.  . 

2.281 

85-87 

4,334 

Colorado 

85 

5, 472 

Connecticut .. 

Merritt  Parkway . . . 
5 

90 

13,624 

8,313 

749 

Florida  -.- 

I:::::::: 

fis - 

41 

1,608 

90. 

3,365 

Georgia 

41  and  411 

3.238 

84 

!-  1-39 

632 

Table  2. — Location  of  automatic  traffic  recorders  used  to  obtain 
data  for  study  of  fluctuation  in  traffic  density — Continued 


Location 

Period  used 

Annual 

State 

State's 

i  ecoi  del 

station 

No. 

United  States  route 
No. 

From 

To— 

average 
24-hour 
traffii 
volume 

,:::;::: 

12  \ 

I42A 

159  A 

172A 

1601 

1601 

G.--- 

2 

12 

112 

(8 

no 

[676 

1678 

1157 
159 
f  1 75 

15 

19 

f205 
1204 
IA1 
1A7 

e--™- 

[101 

1107 

{«:::::: 

lo 

fr" 

fl02 

1103 

h 

: 

Rowena 

(3). 

fi:::::::: 

2 

llll.-. 

[101 
U06 

¥=- 

J301 
1302 

A-12-2.. 

\4A 
fl 

20 . 

30 

30 

45 

66 

50   

20 

52 

1-  1-38 
4-  3-37 
1-  1-38 
•,i  27-36 
1-24-37 

12-18-37 
8-28-37 
7-  3-37 
1-15-38 
1-15-38 

12-19-36 

1-  1-38 
2-18-39 
8-14-38 

12-25-37 
4-24-37 

2-  5-33 
4-  3-37 
1-22-3S 
L-30  38 
7-21-39 

10-  2-37 
1-  1-39 
3-20-37 
'i  I  i  :;; 

7-  3-37 
7-17-37 
1-23-39 
5-19-39 
1-  1-39 

10-29-38 
0-3(1-39 
1-  8-38 
1-  8-38 

11-  0-37 
6-  5-37 
9-18-37 
6-12-37 
1-15-38 

8-  7-37 
1-  8-38 

12-31-38 

1-  1-39 
2-25-39 

2-  1-39 
10-18-37 

4-12-39 
2-18-39 
5-15-37 
2-27-37 
11-27-37 

11-20-37 
7-24-37 

6-  4-38 

12-  4-37 
2-20-37 
5-15-37 

12-31-38 
4-21-39 

7-  7-39 
1-  1-38 

12-19-36 
3-20-37 

11-13-37 
7   1 1 1-37 

11-28-36 
0-20-37 
1-31-39 

12-2S  37 
9-11-37 

12-11-37 
4-10-37 
I-  3  'is 
1-  9-37 

12-31-38 
4-  2-38 

12-31-38 
9-26-37 
1-23-38 

12-17-38 
8-27-38 
7-  2-38 
1-14-39 
1-14-39 

12-18-37 

12  31  3s 
2-17-10 
8-13-39 

12-24-38 
1-23-38 
2-  4-39 
4-  2-38 
1-21-39 
1-29-39 
7-20-40 

10-  1-38 
12-31-39 

3-19-38 
9-10-38 

7-  2-3S 
7-10-3S 
1-22-40 

5  is    in 
12-31-39 
in  28  39 

1-  7-39 
1-  7-3'J 

1 1-  5-38 

6  (  'is 
9-17-38 
6-11-38 
1-14-39 

8-  6-38 
1-  7-39 

12-30-39 

12-31-39 
2-24-40 
1-31-40 

10-17-38 
4-11-40 
2-17-40 
5-14-38 
2-20 -3s 

11-26-38 

11-19-38 
7-23-38 

(i-  3-30 

12-  3-38 
2-19-38 
5-14-3S 

12-30-3'! 
4-20-40 
7-  6-40 

12-31-38 

12-18-37 
3-19-38 

11-12-38 
7-  9-38 

11-27-37 
6-25-38 
1-30-40 

12-27-3S 
9-10-38 

12-10-38 
4-  9-38 
1-  7-39 
1-  8-38 

2.  43s 
3. 085 

2,2911 
1.1137 
3.  937 

3.2111 
3.190 
3,071 

Indiana 

40 

31 

3.  125 
2,  293 

65-69. 

65  69   

3,290 

3,  7,311 

50S        

2,059 

24  ami  40 

2,  lv'i 

79-80 

3,304 

90 

1   

4.  226 

1 .  287 

40 

3,  030 

40  . 

7,250 

Massachusetts 

1 

G 

27 

7.303 
0,  170 
3,  151 

23     .      

212-169 

10-52  and  109 

52            

54  .    

1,200 
4,875 
3.730 
872 
1.  7Cte 

Minnesota .- 

66        

5,220 

20   

:v) 

1.309 
1.257 

Montana 

10-12 

91 

6 

10           

10  

982 

495 

1,619 

2,  128 
1,  469 

.00 

New  Hampshire. . 

3           

85  285   

66          

1,300 
1,216 
1,574 

New  Mexico 

70-80  

1,401 

54-70 

751 

29 

4,  458 
1,296 

North  Carolina — 

19  and  23 

2.  510 

North  1  lakota  .  .. 
Ohio 

1  i 

2 

12         

25-68     

66-69 

352 
3.  645 

3,  92s 
2.  1  1  1 

77            

30     

20   ....    .. 

6     

2.  259 

1.21,1 

4,395 

1,231 

< iregon.. 

Pennsylvania. . .  - 

Rhode  Island 

South  Carolina  . 

South  Dakota. 

Tennessee ... 

1-A  i   . 

15-52 

29 

14-16.. 

IS   

31W 

80. 

77-81 

80       

81-83.. 

40.    

7.0-91 

2 

... 

1.931 
1,583 
3,930 
982 
47'.) 
3.  425 
9.(17,3 
4,049 

Utah - 

'  875 
1 .  766 
3. 113 
1,615 

6,668 

Virginia. 

58 

99 

2. 129 

:■;  .'mi 

lio 

J2and3.. 
\10 

99,410,101  

3,385 

Washincton . 

Wisconsin.. 

99. 

10 

41. 

10  and  12    

3,  17'' 
3,  233 
5,61  l 
1,032 

i  State  route. 


An  investigation  of  the  surface  width  at  each  location 
showed  that  all  stations  with  annual  averages  below 
3,400  vehicles  had  2  traffic  lanes.  As  the  annual 
average  increased  above  3,400,  the  relative  number  of 
sections  wider  than  2  lanes  increased  until  at  4,500 
vehicles  practically  all  sections  had  more  than  2  lanes. 
It,  therefore,  seems  that  the  sag  in  the  curve  was  due  to 
a  tendency  for  some  drivers  to  avoid  heavily  traveled 
2-lane  highways  on  days  of  peak  traffic. 

A  classification  of  the  stations  by  their  geographic 
location  showed  that  at  stations  in  the  North,  where 
there  usually  is  considerable  snow  and  ice  each  winter 
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Figure  1. — Location  of  Automatic  Traffic  Recorder  Stations  in  Western  States. 


the  number  of  vehicles  during  the  maximum  day 
averaged  2.6  times  the  number  on  the  average  day 
while  in  the  South  there  were  only  1.8  times  as  many 
vehicles  on  the  maximum  day  as  on  the  average  day. 
The  curves  for  both  the  northern  and  southern  loca- 
tions (fig.  4)  show  the  same  general  tendency  for  the 
slope  of  the  curves  to  decrease  when  the  annual  volume 
reaches  about  2,000  vehicles  per  day  and  then  to 
increase  and  return  nearly  to  the  former  slope  at 
between  4,000  and  4,500  vehicles  per  day. 

Figure  5  shows  the  tenth  highest  24-hour  traffic  vol- 
ume for  each  station  plotted  against  the  annual  average 
24-hour  volume.     The  variation  in  the  tenth  highest 


values  for  any  particular  annual  average  24-hour  vol- 
ume is  considerably  less  than  for  the  maximum  24-hour 
volume.  On  an  average,  the  traffic  volume  on  the 
tenth  highest  day  is  1.75  as  great  as  the  annual  average 
24-hour  volume.  Corresponding  figures  for  the  loca- 
tions in  the  northern  and  southern  States  are  1.88  and 
1.44,  respectively.  In  other  respects,  the  curves  are 
very  similar  to  those  for  the  maximum  days.  The 
tenth  highest  day  was  selected  as  an  index  because  it  is 
felt  that  it  represents  the  conditions  that  should  be 
expected  on  an  average  Sunday  in  summertime. 

Figure  6  shows  the  same  average  curves  as  those 
presented  in  figures  4  and  5,  together  with  curves  for 
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Figure  2. — Location  of  Automatic  Traffic  Recorder  Stations  in  Eastern  States. 


the  average  24-hour  volumes  during  the  maximum 
week  and  maximum  month.  The  slope  of  each  of  the 
curves  as  obtained  from  the  original  data  decreased 
slightly  when  the  annual  average  reached  about  2,000 
vehicles  and  then  increased  until  at  an  annual  average 
of  about  4,500  the  former  slope  was  nearly  reached. 
Since  the  reason  for  this  was  probably  due  to  congested 
conditions  on  a  number  of  the  roads  in  this  group,  the 


relations  shown  by  the  curves  on  figure  6  are  more  useful 
when  considering  design  features  to  accommodate  the 
various  traffic  volumes.  However,  figure  7  illustrates 
that  even  these  curves  are  of  little  value  in  determining 
maximums  from  the  annual  average  since  there  is  a 
large  variation  between  different  stations.  For  exam- 
ple, although  the  volume  on  the  maximum  day  for  the 
average  location  is  2.32  times  as  high  as  the  volume  on 
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Figure  3. — Location  of  Automatic  Traffic  Recorder  Stations  in  7  Eastern  States  Not  Shown  in  Figure  2. 


>     UJ 


le.ooo 

ii  i,,-. 
H.ooo 

12,000 
10,000 
6,000 
6.000 


• 

* 

--"' 

.      AT  NORTHERN  STATIONS 
■  'i  STATIONS 

-." 

' 

'*'&&* 

^--'  " 

■ 

1 

'' '  /\      ■----' 

/           ■■■'-- ' 

:>-' 

■>£• 

#fr 

^ 

0  1,000  2,000  3,000  £.000  5,000  6,000  7000  8,000  9,000 

annual  average  24-hour  traffic  volume-vehicles 
Figure  4. — Maximum  24-Hour  Traffic   Volume   During   1 
Year   for    Various    Annual    Average    24-Hour   Traffic 
Volumes. 

the  average  day,  the  group  ranging  from  1.4  to  1.8 
includes  a  larger  percentage  of  the  locations  than  any 
other  group  covering  a  similar  range.  In  all  cases,  the 
maximum  values  for  the  southern  stations  do  not  cover 
as  great  a  range  as  the  northern  stations  and  the  values 
for  the  southern  stations  are  closer  to  the  annual 
averages. 

Figure  8  shows,  for  different  annual  average  24-hour 
traffic  volumes,  the  average  number  of  days  during  a 
year  that  the  traffic  volume  exceeded  various  values. 
Thus,  highways  with  an  average  of  6,000  vehicles  per 
day  on  an  annual  basis  carried  over  12,000  vehicles  on  3 
days,  over  11,000  vehicles  on  11  days,  over  8,000  ve- 
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annual  average  24-hour  traffic  volume-vehicles 
Figure  5. — Tenth  Highest  24-Hour  Traffic  Volume  Dur- 
ing 1  Year  for  Various  Annual  Average  24-Hour  Traf- 
fic Volumes. 

hides  on  50  days,  etc.  The  curves  shown  on  the  figure 
indicate  that  for  the  average  location,  the  24-hour 
traffic  volume  that  is  exceeded  any  certain  number  of 
days  is  nearly  proportional  to  the  annual  average  24- 
hour  traffic  volume. 

LARGE  PROPORTION  OF  TRAFFIC  MOVES  DURING  PEAK  HOURS 

Thus,  the  average  highway  carrying  4,000  vehicles  a 
day  has  approximately  the  same  number  of  clays  per 
year  with  a  traffic  volume  in  excess  of  5,000  vehicles  as 
a  highway  carrying  8,000  vehicles  per  day  has  days  when 
traffic  exceeds  10,000  vehicles.  The  curves  show  56 
clays  in  the  one  case  and  47  days  in  the  other. 

Since  for  all  roads  there  is  a  large  variation  in  the 
traffic  volumes  for  different  hours  of  the  day,  and  since 
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0  1.000        2.000         3,000        4  000        5.000         6,000        7,000        6,000 

annual  average  24-hour  traffic  volume  -  vehicles 
Figure   6. — Relation   Between   Various   24-Hour   Traffic 
Volumes    During    Year    and    Average    24-Hour    Traffic 
Volume.      (Determined     From     Data     for    89     Highway 
Locations.) 
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percentage  of  annual  average  24-hour  traffic  volume 
Figure  7. — Variation  in  Relation  Between  24-Hour  Traf- 
fic Volumes  During  Peak  Traffic  Density  Periods  and 
Annual  Average  24-Hour  Traffic  Volumes  at  Differ- 
ent Locations. 

the  hourly  rather  than  the  daily  volume  is  the  more 
practical  unit  to  use  as  a  basis  for  measuring  the  capacity 
of  a  highway  and  for  design  purposes,  a  number  of  figures 
showing  the  relations  between  the  annual  average  24- 
hour  volumes  and  the  individual  hourly  volumes  are 
presented. 

Figure  9  shows  the  relations  between  the  maximum 
hour  during  a  year  and  the  average  24-hour  volume  at 
each  location.  The  range  in  maximum  hours  for  sta- 
tions having  similar  yearly  traffic  volumes  is  great. 
There  are  cases  in  which  the  maximum  for  one  highway 
is  nearly  six  times  as  great  as  the  maximum  for  another 
highway  carrying  the  same  total  number  of  vehicles  dur- 
ing a  year.  Even  the  fiftieth  highest  hour  as  shown  by 
figure  10  is  sometimes  three  times  as  high  for  one  station 
as  for  another  station  with  the  same  annual  traffic. 

The  slopes  of  curves  for  the  relations  between  the 
maximum  and  fiftieth  highest  hours  and  the  annual  24- 
hour  averages  also  have  a  tendency  to  decrease  when 
the  annual  average  reaches  about  2,000  vehicles  and 
then  to  increase  until  they  return  almost  to  their  former 
slopes  near  4,000  vehicles  per  hour.  The  curves  for  the 
stations  located  in  northern  States  arc  considerably 
higher  than  those  for  the  stations  in  southern  States. 

Figure  11  shows  the  relations  between  the  maximum 
hour,  the  tenth,  thirtieth,  and  fiftieth  highest  hours, 
and  the  average  daily  volume  during  the  year.  The 
curves  shown  in  this  figure  have  been  smoothed  to 
eliminate  the  sags  at  annual  volumes  between  2,000  and 
4,000  vehicles  which  were  probably  caused  by  conges- 
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Figure  8. — Number  of  Days  During  1  Year  That  Various 
24-Hour  Traffic  Volumes  Were  Exceeded.  (Deter- 
mined From  Data  for  89  Highway  Locations.) 
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Figure  9. — Relation  Between  Maximum  Hourly  Traffic 
Volume  During  Year  and  Annual  Average  24-Hour 
Traffic  Volume. 
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Figure  11. — Relation  Between  Various  Hourly  Traffic 
Volumes  During  Year  and  Annual  Average  24-Hour 
Traffic  Volumes.  (Determined  From  Data  for  89 
Highway  Locations.) 

tion  on  some  of  the  2-lane  roads  in  this  group  during 
peak  hours. 

The  variations  in  the  percentages  that  the  peak  hourly 
volumes  are  of  the  annual  average  24-hour  volumes  for 
different  locations  are  shown  by  figure  12.  It  may  be 
seen  from  this  figure  that  the  variation  between  loca- 
tions decreases  as  the  number  of  peak  hours  that  are 
included  increases.  Thus,  although  the  maximum 
hours  average  25.4  percent  of  the  average  daily  volume, 
at  only  23.5  percent  of  the  locations  is  the  maximum 
between  20  and  25  percent  of  the  annual  average.  For 
69  percent  of  the  locations  the  fiftieth  highest  hour  falls 
within  the  same  5-percent  range  group  as  the  average 
for  all  of  the  fiftieth  highest  hours.  As  with  the  daily 
volumes,  the  peak  hourly  volumes  for  the  northern  loca- 
tions cover  a  wider  range  and  are  a  larger  percentage 
of  the  annual  average  24-hour  density  than  correspond- 
ing peaks  for  southern  locations. 

Data  were  available  for  the  percentages  that  out-of- 
State  and  commercial  vehicles  were  of  the  total  traffic  for 
70;of  the  90  locations  studied.  There  did  not  seem  to  be 
any  relationship  between  the  percentage  of  out-of-State 
vehicles  and  the  traffic  volume  fluctuation  but,  on  an 
average,  there  was  a  slight  decrease  in  the  fluctuation 
with  an  increase  in  the  percentage  of  trucks  (table  3). 
Since  in  the  automatic  counter  records  there  is  no 
separation  of  trucks  from  passenger  cars,  it  was  not 
possible  to  determine  the  cause  of  this  decrease.  It  is 
reasonable  to  assume  that  the  peak  truck  densities  occur 
at  different  times,  either  seasonal,  daily,  or  hourly,  than 
the  peak  passenger-car  densities.  Furthermore,' routes 
of  heavy  truck  traffic  are  usually  those  between  centers 
of  population  between  which  also  flows  a  substantial 
volume  of  passenger  cars  used  on  weekdays  for  business 
purposes.  Both  of  these  factors  tend  to  increase  the 
weekday  volume  in  comparison  to  the  Sunday  flow. 

Table  4  shows  the  relation  between  the  number  of 
vehicles  during  peak  traffic  density  periods  and  the 
annual  average  24-hour  traffic  volume.  On  an  average, 
there  is  a  very  rapid  decrease  in  the  average  hourly 
volume  during  the  peak  period  as  the  number  of  hours 
included  in  the  peak  period  is  increased.     When  the  50 
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Figure  12. — Variation  in  Relation  Between  Hourly 
Traffic  Volumes  During  Peak  Hourly  Traffic  Density 
Periods  and  Annual  Average  24-Hour  Traffic  Volumes 
at  Different  Locations. 

hours  of  peak  traffic  density,  which  cover  only  0.57 
percent  of  the  total  time,  are  included,  the  average 
hourly  volume  is  only  16.6  percent  of  the  annual  24-hour 
average  whereas  the  maximum  hour  is  25.4  percent  of 
the  annual  24-hour  average.  The  percentage  of  total 
vehicles  included  in  the  peak  hours  is  always  relatively 
large  as  compared  to  the  percentage  of  time  involved. 

Table  3. — Effect  that  the  percentage  of  trucks  has  on  the  relation 
between  the  traffic  volume  during  peak  density  periods  and  the 
annual  average  24-hour  volume 


Percentage  of  trucks  in- 
cluded in  total  traffic 

Number 

of 
locations 

Percentage  of  annual  average  24-hour 
traffic  volume 

Group  limits 

Average 

Maximum 

hour  during 

year 

Tenth 
highest  hour 
during  year 

Fiftieth 
highest  hour 
during  year 

Below  15  .. 

10.9 
17.4 
22.6 
27.6 

9 
19 
22 
20 

27.7 
26.2. 
26.4 
23.2 

21.2 
18.4 
18.2 
17.3 

15.9 

15-20 

14.6 

20-25-... 

Above  25 

14.2 
13.6 

DATA  ON  TRAFFIC  VOLUMES  DURING  PEAK  HOURS  NEEDED 
FOR  DESIGN  OF  HIGHWAYS 

Figure  13  shows  the  average  number  of  hours  each 
year  that  the  traffic  density  exceeded  various  hourly 
traffic  volumes  for  highways  with  different  annual 
average  24-hour  volumes.  Thus,  highways  carrying  an 
annual  average  of  5,000  vehicles  per  day  had  610  hours 
when  the  traffic  volume  exceeded  400  vehicles  per  hour, 
350  hours  when  the  traffic  volume  exceeded  500  vehicles 
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per  hour,  200  hours  when  the  traffic  volume  exceeded 
600  vehicles  per  hour,  etc. 

It  is  a  generally  accepted  fact  that  it  is  not  economi- 
cally advisable  to  construct  a  highway  to  accommodate 
the  peak  traffic  densities  that  wdl  use  it  during  its 
probable  life,  unless  to  do  so  involves  no  additional 
construction  cost  over  designs  to  accommodate  fewer 
vehicles.  However,  the  time,  percentage  of  time, 
number  of  vehicles,  or  percentage  of  vehicles  that  may 
be  included  in  the  peak  traffic  densities  not  cared  for 
by  the  design  are  still  unknown  quantities.  Although 
the  design  will  depend  to  a  large  extent  upon  the  funds 
available  for  construction,  figure  13  throws  some  light 
on  the  hourly  traffic  volumes  for  which  highways  with 
different  annual  traffic  densities  and  having  average 
traffic  fluctuations  should  be  designed.  From  the 
figure,  it  may  be  seen  that  for  any  annual  average 
24-hour  traffic  volume,  there  is  a  rapid  increase  in  the 
number  of  hours  included  between  each  100-vehicle 
change  in  the  hourly  volume  when  the  number  of  hours 
included  is  greater  than  the  50  peak  hours,  but  there  is 
only  a  small  change  in  the  number  of  hours  included 
as  the  volume  goes  below  the  value  shown  for  the 
thirtieth  highest  hour. 

Table  4. — Relation  between  number  of  vehicles  during  peak  traffic 
density  periods  and  the  annual  average  24-hour  traffic  volume 
{average  for  60  northern  and  SO  southern  stations) 


Time  period 

Percent    that    average 
hourly  traffic  volume 
during  peak  density 
periods  is  of  annual 
average  24-hour  traffic 
volume 

Per- 
centage 
of  total 
timein- 

l-|ll<lci] 

(annual 
basis) 

Percentage  of  total  an- 
nual traffic  included 

North- 
ern 
stations 

South- 
ern 
stations 

All  sta- 
tions 

North- 
ern 
stations 

South- 
ern 
stations 

All  sta- 
tions 

Maximum  month   (30 
days) 

6.1 
6.8 
8.9 
10.8 

28.3 
22.7 
20.9 
19.0 
18.8 
18.1 

5.2 
5.5 
6.4 
7.4 

19.6 
16.3 

15.0 
14.3 
13.9 

13.5 

5.8 
6.3 
8.1 
9.7 

25.4 
20.6 
19.5 
18.2 
17.4 
16.6 

8.21 

1.92 

2.74 

.27 

.01 
.11 
.23 
.34 
.46 
.57 

12.03 
3.13 

5.85 
.71 

.08 
.62 
1.15 
1.61 
2.06 
2.48 

10.26 

2.53 

4.21 

.49 

.05 
.45 
.82 
1.18 
1.52 
1.85 

11.44 

Maximum  week. 

10  highest  days 

Maximum  dav 

Maximum  hour ... 

10  highest  hours 

20  highest  hours... 

30  highest  hours 

40  highest  hours... 

50  highest  hours.. 

2.90 

5.33 
.64 

.07 
.  56 
1.07 
1.50 
1.91 
2.30 

For  example,  at  the  average  location  with  an 
annual  average  24-hour  traffic  volume  of  4,000  vehicles, 
the  various  hourly  traffic  volumes  are  exceeded  for  the 
number  of  hours  shown  in  the  following  tabulation : 

Number  of 
hours  (In ling 

Hourly  traffic  volume:  !  veaT 

950 1 

800 8 

700 20 

650 30 

600 50 

500 115 

400 280 

A  design  based  on  the  maximum  hourly  volume  woidd 
be  required  to  handle  nearly  iy2  times  as  many  vehicles 
per  hour  as  a  design  based  on  the  30  peak  traffic  volume 
hours,  but  the  additional  number  of  vehicles  accom- 
modated would  only  be  1.5  percent  of  the  annual  traffic 
(table  4).  On  the  other  hand,  designing  for  a  traffic 
volume  only  30  percent  less  than  the  volume  exceeded 
during  50  hours  would  result  in  a  560  percent  increase 
in  the  number  of  hours  of  traffic  not  accommodated  by 
the  design.     The  percentage  of  the  total  number  of 
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Figure    13. — Number    of    Hours    That    Various    Hourly 
Traffic   Volumes   Are   Exceeded   on  Highways   Having 
Different     Annual     Traffic     Densities.     (Determined 
From  Data  for  89  Highway  Locations.) 

vehicles  using  the  highway  that  would  not  be  accom- 
modated by  the  design  would  be  increased  from  2.3  to 
9.9.  It,  therefore,  seems  that  for  the  average  highway, 
it  is  impractical  to  design  for  a  greater  hourly  volume 
than  the  value  which  will  be  exceeded  only  during  the 
30  peak  hours  each  year  and  that  little  will  probably  be 
saved  in  the  construction  cost  and  a  great  deal  lost  in 
expediting  the  movement  of  traffic  if  a  design  is  used 
that  will  not  handle  the  traffic  volume  exceeded  during 
the  50  peak  hours.  The  exact  value  to  use  depends 
upon  the  traffic  volumes  that  the  different  designs  will 
accommodate.  Thus,  if  the  traffic  volume  is  such  that 
to  accommodate  the  hourly  volume  exceeded  for  30 
hours  during  a  year  requires  a  greater  number  of  traffic 
lanes  than  to  accommodate  the  hourly  volume  exceeded 
for  50  hours,  the,  lower  number  of  lanes  should  prob- 
ably be  used. 

Since  this  analysis  is  based  on  the  average  fluctuation 
in  traffic  density  for  many  highways,  the  results  are  not 
applicable  to  each  location.  For  an  extreme  example, 
a  comparison  has  been  made  of  the  data  for  the  station 
included  in  this  anlaysis  that  had  the  greatest  fluctua- 
tion in  the  hourly  traffic  volumes  dining  the  year  and 
the  station  that  was  found  to  have  the  most  uniform 
flow  of  traffic.  The  percentage  of  the  total  time  dur- 
ing which  each  of  these  road  sections  carried  traffic 
volumes  in  excess  of  different  numbers  of  vehicles  per 
hour  and  the  percentage  of  all  vehicles  that  passed  over 
each  road  section  when  the  hourly  traffic  volume  was  in 
excess  of  the  specified  traffic  densities  are  shown  by 
table  5.  The  section  with  the  largest  variation  in 
traffic  flow  had  an  annual  average  24-hour  traffic  volume 
of  4,057  vehicles,  was  located  in  the  North,  and  is  referred 
to  as  section  A.  The  one  with  the  most  uniform  traffic 
flow  had  an  annual  average  24-hour  traffic  volume  of 
4,226  vehicles,  was  located  in  the  South,  and  is  referred 
to  as  section  B. 

Although  practically  the  same  number  of  vehicles 
used  these  two  road  sections  in  1  year,  the  traffic  on 
section  B  was  rarely  in  excess  of  500  vehicles  per  hour, 
while  on  section  A  it  sometimes  reached  1,200  vehicles 
per  hour  and  was  in  excess  of  500  vehicles  per  hour 
for  5.5  percent  of  the  time.  Since  the  percentage  of 
the  total  vehicles  during  high  density  periods  is  greater 
than  the  percentage  of  the  total  time  occupied  by  the 
same  density  periods,  25.1  percent  of  the  vehicles 
traveled  over  section  A  during  the  5.5  percent  of  the 
time  that  the  hourly  density  exceeded  500  vehicles. 
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Figure   14. — Cumulative  Frequency  Curves  Showing  the 

Number    of    Vehicles    When   Traffic    is   in    Excess   of 

Various  Hourly  Traffic   Volumes  at  Stations  Having 

Maximum  and   Minimum  Fluctuation  in  Traffic   Flow. 

Table  5. — Percentage  of  time  and  percentage  of  vehicles  included 
during  -periods  that  road  sections  carried  traffic  in  excess  of  differ- 
ent hourly  volumes 


Hourly  volume,  vehicles 

Cumulative  percentage 
of  total  time 

Cumulative  percentage 
of  total  vehicles 

Section  A 

Section  B 

Section  A 

Section  B 

1,200 . 

0.2 

.5 

1.1 

1.6 

2.3 

3.0 

4.2 

5.5 

7.6 

14.0 

26.7 

57.6 

100.0 

1.3 

3.3 
6.8 
9.9 
13.3 
16.4 
20.8 
25.  1 
30.3 
43.2 
61.2 
87.5 
100.0 

1,100— 

1.000 

900    . 

800                          .   -   

700    . 

600 

0.1 

.9 

9.0 

46.5 

71.6 

100.0 

0.  I 

50O 

.2 

400, __ 

300 

2.3 

IS   1) 

200 

70.2 

100 

91.0 

0 

100.0 

1  Less  than  0.1  percent. 

Figure  14  shows  the  data  obtained  from  the  auto- 
matic traffic  recorders  located  at  these  2  stations  in  a 
most  useful  form.  The  curve  for  traffic  at  station  B 
shows  that  a  highway  designed  to  accommodate  400 
vehicles  per  hour  would  be  the  most  economical  design 
at  this  location  for  the  present  traffic,  since  designing 
for  a  greater  volume  would  result  in  but  a  slight  increase 
in  the  number  of  vehicles  accommodated,  and  design- 
ing for  a  traffic  volume  even  slightly  less  than  400 
vehicles  per  hour  would  result  in  a  relatively  large 
increase  in  the  number  of  vehicles  that  would  be 
required  to  use  the  highway  during  periods  when  the 
volume  was  in  excess  of  the  design  value. 

RECORDS  OF  PAST  YEARS  USEFUL  IN  ESTIMATING  FUTURE 
PEAK  TRAFFIC  VOLUMES 

Highway  design  for  the  traffic  flow  at  station  A  pre- 
sents a  more  difficult  problem.  Based  only  on  the  an- 
nual traffic  density,  the  same  design  could  be  used  at 
both  locations;  but  if  the  design  at  station  A  were 
based  on  400  vehicles  per  hour,  nearly  half  a  million, 
or  one-third  of  the  vehicles,  would  use  the  road  during 
periods  when  the  traffic  density  exceeded  the  design 
value.  A  design  to  accommodate  the  same  percentage 
of  vehicles  at  station  A  as  are  accommodated  by  a 
design  of  400  vehicles  per  hour  at  station  B  would 
have  to  accommodate  1,200  vehicles  per  hour.  The 
actual  design  value  for  the  location  represented  by  sta- 
tion A  would  depend  entirely  upon  the  funds  available 
and  the  hourly  capacity  of  highways  of  different  de- 
signs. However,  if  the  present  width  of  surface  and 
alinement  were  identical  at  these  two  locations,  I  he 
highway  with  the  traffic  flow  represented  by  station  A 
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hourly  traffic  volume  -  hundreds  of  vehicles 
Figure  15. — Cumulative  Frequency  Curves  Showing  the 
Percentage  of  Time  That  the  Traffic  Was  in  Excess 
of  Various  Hourly  Volumes  on  Highways  Having  the 
Maximum,  Minimum,  and  Average  Fluctuation  in  the 
Flow  of  Traffic. 

should  be  given  prior  consideration  in  any  construction 
or  improvement  program  designed  to  reduce  traffic 
congestion  such  as  the  elimination  of  short  sight  dis- 
tances, increasing  the  surface  width,  increasing  the 
number  of  traffic  lanes,  or  providing  grade  separations. 

Since  highway  construction  programs  must  be  based 
on  future  as  well  as  present  traffic  densities  to  avoid 
obsolescence  in  a  relatively  short  time,  it  is  essential 
to  estimate  future  fluctuations  in  the  traffic  volumes 
as  well  as  the  future  increase  in  the  annual  traffic.  A 
study  of  the  future  variation  in  traffic  flow  can  usually 
be  based  on  the  present  fluctuation.  When  a  cumula- 
tive  frequency  curve  such  as  the  one  shown  in  figure 
14  has  been  determined,  it  will  generally  be  safe  to  as- 
sume that  the  shape  of  the  curve  will  not  change  ma- 
terially with  either  an  increase  or  decrease  of  average 
daily  traffic  unless  it  is  definitely  known  that  some 
local  development  will  tend  to  alter  the  shape  of  the 
curve. 

If  it  is  assumed  that  an  increase  in  the  annual  traffic 
affects  all  portions  of  present  traffic  volumes  propor- 
tionally and  that  the  annual  average  daily  traffic  will 
increase   to   6,000   vehicles   at  some  future   date,   the 
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cumulative  frequency  curves  as  obtained  from  the  pres- 
ent records  made  by  the  automatic  recorders  can  be 
expanded  by  increasing  both  values  for  points  along 
the  present  traffic  curve  in  the  same  ratio  as  the  esti- 
mated future  annual  traffic  is  to  the  present  traffic. 
By  expanding  the  curves  for  the  present  traffic  on 
sections  A  and  B  in  this  manner  to  annual  average 
daily  volumes  of  6,000  vehicles,  the  expanded  cumu- 
lative frequency  curves  as  shown  by  the  light  lines  on 
figure  14  were  obtained.  In  a  similar  manner,  the  data 
for  the  present  traffic  can  be  expanded  to  any  annual 
average  daily  volumes.  It  is  interesting  to  note  that 
at  the  present  tune,  with  a  volume  of  4,057  vehicles 
per  day,  a  larger  number  of  vehicles  travel  over  the 
highway  represented  by  station  A  during  periods  when 
the  traffic  volume  exceeds  any  value  over  420  vehicles 
per  hour,  than  will  travel  over  the  highway  represented 
by  station  B  when  the  annual  average  daily  volume 
reaches  6,000  vehicles. 

Since  the  curves  shown  in  figure  14  represent  loca- 
tions with  the  maximum  and  minimum  fluctuation  in 
traffic  flow  found  by  analyzing  records  at  90  stations 
located  on  U.  S.  routes  in  all  parts  of  the  country,  it  is 
reasonable  to  expect  that  similar  curves  for  practically 
all  sections  on  U.  S.  numbered  highways  will  fall  some- 
where between  the  curves  representing  these  two  loca- 
tions for  corresponding  annual  traffic  volumes.  How- 
ever, the  range  between  the  two  curves  for  identical 
traffic  volumes  is  so  great  that  they  emphasize  the  im- 
portance of  having  at  least  a  full  year's  record  from  an 
automatic  traffic  recorder  before  an  intelligent  analysis 
can  be  made  of  the  traffic  needs  on  any  particular  sec- 
tion of  highway  where  improvements  to  increase  the 
traffic  capacity  of  the  highway  are  contemplated. 

Cumulative  frequency  curves  of  the  type  shown  in 
figure  15  are  useful  when  it  is  desired  to  compare  the 
percentage  of  time  that  traffic  on  different  road  sections 
is  in  excess  of  various  hourly  volumes.  The  data  ob- 
tained from  the  automatic  traffic  counters  at  the  stations 
included  in  this  analysis  where  the  maximum  and  mini- 
mum fluctuation  in  traffic  flow  were  recorded,  have 
been  used  in  plotting  the  curves  for  stations  A  and  B, 
respectively.  When  expanding  the  data  showji  by  the 
original  curves  to  other  traffic  volumes,  the  values  along 
the  abscissa  arc  increased  by  the  same  ratio  as  the 
annual  traffic,  while  the  values  along  the  ordinate  are 


held  constant.  The  values  for  stations  A  and  B  have 
been  expanded  to  show  the  percentage  of  time  that  the 
traffic  will  be  in  excess  of  various  hourly  volumes  when 
the  annual  average  volume  increases  to  6,000  vehicles 
per  day  (fig.  15).  In  a  similar  manner,  the  data  for 
89  locations  were  expanded  to  annual  24-hour  traffic 
volumes  of  6,000  vehicles  and  the  values  averaged  to 
obtain  the  average  cumulative  frequency  curve  shown 
in  figure  15.  This  curve  and  other  curves  formed  by 
expanding  the  individual  values  to  other  traffic  densities 
show  the  relation  between  time  and  hourly  traffic 
density  for  highways  with  the  average  fluctuation  in 
traffic  flow. 

The  method  outlined  above  for  estimating  the  per- 
centage of  time,  number  of  vehicles,  or  number  of  hours 
included  in  the  various  hourly  traffic  density  groups 
when  there  is  a  change  in  the  annual  traffic,  assumes 
that  the  change  will  affect  all  portions  of  the  cumulative 
frequency  curves  proportionately.  This  will  always 
be  true  when  all  portions  of  the  traffic  pattern  are 
affected  proportionately  but  may  also  be  true  even 
though  there  is  a  material  change  in  the  traffic  pattern. 

Since  automatic,  hourly  recording  counters  have  only 
been  in  operation  during  recent  years,  there  were  only 
three  stations  where  the  recorders  had  been  operated 
continuously  for  at  least  2  years  and  where  there  had 
been  sufficient  increases  in  the  annual  traffic  densities 
during  the  period  of  operation  to  check  the  accuracy 
of  this  assumption.  At  these  three  locations,  referred 
to  as  stations  C,  D,  and  E,  the  total  traffic  volumes  dur- 
ing the  same  period  in  successive  years  had  increased 
from  averages  of  787,  997,  and  2,794  vehicles  per  day 
to  1,357,  1,630,  and  5,702  vehicles  per  day,  respectively. 
The  cumulative  curves  for  the  percentage  of  time  that 
traffic  at  the  3  stations  was  in  excess  of  various  hourly 
volumes  during  each  of  the  2  different  traffic  density 
periods  are  shown  by  figure  16.  In  each  case,  if  the 
values  shown  for  the  lower  volume  curve  are  expanded 
in  the  same  ratio  as  the  two  average  24 -hour  volumes 
are  to  each  other,  as  previously  outlined,  the  curves  for 
the  higher  average  volumes  will  be  exactly  duplicated. 

While  such  a  close  agreement  will  probably  not  be 
found  for  all  locations,  especially  where  local  develop- 
ments tend  to  influence  the  traffic  pattern  and  where 
the  increase  takes  place  over  a  period  of  10  or  20  3rears, 
the  data  available  at  the  present  time  substantiate  the 
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one   assumption   necessary   to   expand   the   automatic 
recorder    data    to    care    for    increased    annual    traffic 

densities. 

PERCENTAGE  OF  TRAFFIC  MOVING  IN  EACH  DIRECTION 
DURING  PEAK  HOURS  IMPORTANT 

For  design  and  traffic  control  purposes  it  is  often 
desirable  to  know  the  percentage  of  the  total  vehicles 
traveling  in  each  direction  during  hours  of  high  traffic 
density.  This  can  be  obtained  for  divided  highways 
by  using  an  automatic  traffic  recorder  for  each  of  the 
two  directions.  On  undivided  roadways,  the  auto- 
matic recorders  using  either  light  beams  or  the  direct 
contact  or  pneumatic  tube  as  the  means  of  detection 
can  be  equipped  with  special  units  so  that  only  vehicles 
i  raveling  in  one  direction  will  be  recorded.  Approxi- 
mate values  can  also  be  obtained  when  the  contact  type 
of  detector  is  used  by  placing  the  detector  so  that  only 
vehicles  traveling  on  one-half  of  the  roadway  will  be 
recorded.  By  proper  selection  of  locations,  the  error 
due  to  vehicles  traveling  to  the  left  of  the  center  of  the 
roadway,  as  when  passing,  can  be  reduced  to  a  mini- 
mum. 

Cumulative  frequency  curves  for  two  locations  on 
divided  highways,  where  automatic  traffic  counters 
obtained  the  number  of  vehicles  in  each  direction  for 
each  hour  during  periods  exceeding  1  year,  are  shown 
by  figures  17  and  IS. 

The  percentage  of  time  that  the  traffic  at  automatic 
recorder  stations  2  and  3  on  U.  S.  Route  41,  18  miles 
south  of  Milwaukee,  Wisconsin,  was  in  excess  of  various 
hourly  volumes  is  shown  by  figure  17.  At  station  2 
south-bound  traffic  was  recorded,  while  at  station  3 
north-bound  traffic  was  recorded.  By  adding  the 
number  of  vehicles  in  the  two  directions  for  correspond- 
ing hours,  the  total  traffic  on  the  route  during  each 
hour  of  the  year  was  obtained.  Although  the  number 
of  vehicles  traveling  in  each  of  the  two  directions  was 
rare'y  the  same  for  any  particular  hour,  the  number  of 
hours  thai  each  direction  carried  the  various  traffic 
volumes  below  300  vehicles  per  hour  was  approximately 
equal  to  the  number  of  hours  during  a  year  that  the  total 
traffic  volume  in  both  directions  was  twice  the  corre- 
sponding densities.  Both  directions  carried  traffic 
volumes  in  excess  of  300  vehicles  per  hour  for  4  percent 
of  the  time,  and  the  total  volume  was  in  excess  of  600 
vehicles  pei'  hour  for  4  percent  of  the  time.  The 
maximum  volume  of  south-bound  traffic  was  032 
vehicles  per  hour  and  the  maximum  volume  of  north- 
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Figure  18. — Percentage  of  Time  That  Traffic  Density 
on  the  Merritt  Parkway  Was  in  Excess  of  Various 
Hourly  Volumes.  (Annual  Average  24-Hour  Traffic 
Volume  Was  13,624  Vehicles.) 

bound  traffic  was  1,232  vehicles  per  hour,  but  the  total 
volume  never  exceeded  1 ,649  vehicles  per  hour.  During 
the  1  hour  that  the  total  volume  reached  1,649  vehicles, 
74.7  percent  of  the  traffic  was  in  one  direction.  During 
the  10  peak  hours  of  total  traffic  volume,  the  traffic  in 
one  direction  averaged  70  percent  of  the  total  traffic. 

On  the  Merritt  Parkway,  at  traffic  recorder  stations 
6  and  7  near  Greenwich,  Conn.,  the  traffic  in  one  direc- 
tion exceeded  all  traffic  volumes  below  1,100  vehicles 
per  hour  for  the  same  number  of  hours  that  the  total 
volume  exceeded  twice  the  corresponding  densities  (fig. 
18).  East-bound,  wTcst-bound,  and  total  traffic  never 
exceeded  1,632,  2,025,  and  3,501  vehicles  per  hour,  re- 
spectively. During  the  10  peak  hours,  the  traffic  in  one 
direction  averaged  57  percent  of  the  total  traffic. 

The  results  obtained  at  these  two  locations  indi- 
cate that  if  a  cumulative  frequency  curve  of  the  type 
shown  in  figures  17  and  18  is  available  for  either  the 
traffic  in  one  direction  or  for  the  total  traffic,  the  curves 
for  both  the  traffic  in  one  direction  and  the  total  traffic 
can  be  obtained,  except  for  a  very  small  portion  of  the 
total  time  when  the  peak  volumes  occur.  It  is  also 
evident  that  unless  practically  all  the  vehicles  are  to  be 
accommodated,  designs  for  each  direction  of  traffic 
based  on  half  of  the  total  volume  are  sufficient,  but  if 
all  vehicles  are  to  be  accommodated,  the  design  for  each 
direction  must  in  some  cases  be  based  on  volumes  as 
high  as  70  percent  of  the  peak  total  volumes. 

COMPLETE  TRAFFIC  RECORDS  USEFUL  IN  SELECTING  SCHEDULES 
FOR  TRAFFIC  SURVEYS 

The  second  of  the  general  problems  for  which  auto- 
matic traffic  recorder  data  furnish  a  means  of  attack  is 
that  of  planning  observation  schedules  for  traffic  sur- 
veys. A  satisfactory  schedule  must  require  sufficient 
observation  in  the  field  to  enable  an  accurate  estimate 
of  the  year's  total  traffic  and  of  the  various  types  of 
vehicle  units  of  which  it  is  composed.  Results  of  the 
schedule  operation  should  enable  the  analyst  to  make 
estimates  of  the  ranges  in  traffic  volume — in  particular 
an  estimate  of  traffic  during  periods  of  maximum 
volume. 

The  schedule  should  be  so  devised  as  to  balance  cost 
of  operation  against  accuracy  of  results;  i.  e.,  the  time 
for  which  it  is  necessary  to  pay  men  to  count  traffic 
should  be  as  small  as  possible  so  that  costs  will  be  low, 
while  the  time  for  which  traffic  must  be  observed  must 
be  as  large  as  is  necessary  to  assure  accurate  results. 
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It  has  been  recognized  in  earlier  analyses  3  that  traffic 
volume  is  affected  principally  by  the  hour,  day  of  the 
week,  and  the  month  in  which  the  count  is  taken.  Less 
predictable  effects  upon  traffic  volume  result  from  varia- 
tion in  weather  conditions,  detoured  traffic  from  a  nor- 
mal route  due  to  road  construction  or  other  reasons, 
holidays,  football  games,  fairs,  or  other  events  attracting 
unusual  numbers  of  people. 

There  are,  of  course,  a  number  of  means  by  which 
allowance  may  be  made  in  the  schedule  of  operation  to 
provide  measures  of  the  hourly,  daily,  and  seasonal 
fluctuations  in  traffic.  Because  of  the  numerous  pos- 
sibilities, it  is  feasible  to  test  but  a  few  of  these  possible 
schedules.  Since  total  traffic  has  been  measured  by 
the  automatic  traffic  recorders,  the  average  daily 
traffic  may  be  computed  with  precision;  and  since  data 
are  available  for  every  hour  and  every  day  of  the  year 
at  a  large  number  of  locations,  any  combination  of 
hours,  days,  and  seasons  may  be  selected.  From  the 
selected  periods  or  assumed  schedule,  an  estimated 
average  daily  traffic  may  be  computed.  Comparison 
of  the  estimated  values  under  various  assumed  sched- 
ules with  exact  values  obtained  from  the  year's  complete 
record  will  establish  the  relative  accuracy  of  the  various 
schedules  selected  for  test. 

One  of  the  schedules  selected  for  test  is  the  "key 
station  schedule"  first  used  4  in  the  Western  States 
Traffic  Survey  and  in  subsequent  surveys  in  which  the 
Public  Roads  Administration  cooperated,  and  by  the 
various  States  in  the  Highway  Planning  Surveys. 

Each  operation  covered  a  10-hour  period  on  a  staggered 
schedule  from  6  a.  m.  to  4  p.  m.  and  from  10  a.  m.  to  8  p.  m.  with 
splits  in  the  count  at  10  a.  m.  and  4  p.  m.  This  permitted  a  con- 
tinuation series  of  the  10  a.  m.  to  4  p.  m.  section  through  all 
operations,  which  were  scheduled  to  provide  two  counts  for  each 
of  the  7  days  of  the  week.  Sufficient  night  counts  from  10  p.  m. 
to  6  a.  m.  were  obtained  to  adjust  all  data  to  a  24-hour  day.5 

When  the  8-hour  counting  period  became  generally 
used,  this  schedule  was  modified  to  cover  the  6  a.  m. 
to  2  p.  m.  and  2  p.  m.  to  10  p.  m.  periods  alternately  at 
intervals  of  26  days,  thus  covering  each  day  of  the  week 
at  6-month  intervals  (schedule  I).  Sufficient  night 
counts,  usually  four  in  number,  were  seasonally  spaced 
to  cover  the  10  p.  m.  to  6  a.  m.  period.  The  effects  of 
the  schedule  were:  To  balance  the  seasonal  variation  in 
traffic;  to  cover  the  full  24  hours  at  each  point  of  obser- 
vation; to  cover  each  of  the  days  of  the  week  at  every 
point;  and  to  set  up  the  operation  in  such  a  manner  as 
to  keep  a  relatively  small  force  of  men  continuously 
employed,  with  days  of  no  work  equivalent  to  those 
received  by  men  in  other  forms  of  employment. 

The  second  schedule  (schedule  II)  to  be  tested  is  that 
recommended  at  the  location  of  the  recording  type 
automatic  traffic  counters  in  the  continuing  traffic 
surveys  conducted  as  an  integral  feature  of  the  Highway 
Planning  Surveys.  Machines  are  operated  for  a 
24-hour  period  on  Saturday  and  Sunday  and  either  on 
Friday  or  Monday  to  give  a  continuous  record  of  the 
three  typical  days  of  the  statistical  week.  These  sta- 
tions may  be  considered  as  control  stations  of  the  con- 
tinuing blanket  counts. 

The  third  schedule  (schedule  III)  to  be  tested  with 
the  data  available  from  the  automatic  traffic  recorders 
is  one  in  which  it  is  assumed  that  each  period  of  observa- 


3  Highway  Traffic  Analysis  Methods  anil  Results,  by  L.  E.  Peabody.    PUBLIC 
.ROADS,  vol.  10,  No.  1,  March  1929. 

'     *  The  Western  States  Traffic  Survey,  by  L.  E.  Peabody.    PUBLIC  ROADS, 
vol.  13,  No.  1,  March  1932. 

6  Digest  of  Report  on  Arkansas  Traffic  Survev,  by  L.  E.  Peabody.    PUBLIC 
ROADS,  vol.  17,  No.  6,  August  1936. 


tion  is  but  1  hour  in  duration.  There  are  a  total  of  40 
such  observation  periods  at  each  station,  scattered 
throughout  the  year  as  indicated  in  the  following 
sample  schedule: 
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It  will  be  noted  that  under  this  schedule  of  operation 
the  period  from  6  a.  m.  to  7  a.  m.  is  covered  in  January 
and  in  July,  at  nearly  6-month  intervals.  The  7  a.  m. 
to  8  a.  m.  hour  is  also  covered  in  January  and  July, 
again  approximately  at  6-month  intervals,  and  so  for 
all  of  the  hours  from  6  a.  m.  to  10  p.  m.  The  remaining 
hours,  those  normally  of  much  lesser  traffic  importance, 
are  covered  but  once,  at  approximately  6-week  intervals 
throughout  the  year. 

ACCURACY  OF  THREE  OBSERVATION  SCHEDULES  DETERMINED 

The  estimates  of  average  daily  traffic  under  each 
assumed  schedule  are  computed  as  follows:  At  the  key 
stations  (schedule  I),  traffic  observed  during  the  6  a.  m. 
to  2  p.  m.,  2  p.  m.  to  10  p.  m.,  and  10  p.  m.  to  6  a.  m. 
periods  is  averaged  and  the  three  averages  are  totaled 
for  the  estimated  average  daily  traffic.  At  the  control 
blanket-count  stations  (schedule  II),  the  observed  week- 
day traffic  is  multiplied  by  5,  traffic  counts  for  a  Satur- 
day and  a  Sunday  are  added,  and  the  total  is  divided 
by  7  for  the  counts  taken  during  each  season.  The  4 
seasonal  averages,  thus  computed,  are  totaled  and  di- 
vided by  4  to  give  the  estimated  average  daily  traffic 
for  the  year.  At  the  stations  where  traffic  is  assumed 
to  have  been  observed  only  during  hourly  periods  (sched- 
ule III)  the  averages  of  the  2  observations  for  each  hour 
from  6  a.  m.  to  10  p.  m.  are  obtained.  To  these  averages 
(16  in  number)  are  added  the  observed  traffic  for  each 
hour  from  10  p.  m.  to  6  a.  m.  The  result  is  the  estimated 
average  daily  traffic  under  this  schedule. 

Tables  6,  7,  and  8  present  the  average  daily  traffic 
computed  from  schedules  I,  II,  and  III,  using  the  anal- 
ysis methods  outlined  above.  In  table  6  the  stations 
were  those  located  on  State  routes  that  carried  a  rela- 
tively large  volume  of  traffic.  In  table  7,  stations  were 
also  those  located  on  State  routes,  but  with  a  light  traffic 
volume;  while  in  table  8  all  stations  were  on  local  routes, 
usually  those  carrying  a  smaller  traffic  volume  than  the 
stations  used  in  table  7.  Thirty-three  stations  were 
included  in  each  of  the  above  classes. 

In  addition  to  the  computed  averages,  the  true 
average  daily  traffic  and  the  ratios  of  the  various 
computed  averages  to  the  true  averages,  are  tabulated. 
Weighted  averages  of  these  ratios  are  shown  in  the 
last  line  of  each  table. 
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Table   6.—  -Automatic    traffic    recorder    averages   for    year    1939, 
State  routes  carrying  heavy  traffic 


Sta- 
tion 

Average  daily  traffic 

Percen  tage  o 

f  actual 

State 

Schedule 

Actual 
average 
for  year 

I 

II 

III 

I 

II 

III 

Massachusetts 

1 
22 

{       1? 

{  iS 

676 
14 

9 

1 

11 

10 

2 

I      10 

{        ? 

{        3 

/      13 

1       14 

I  ! 
{  s 

{  i 

{  i 

9 
59A 
601 

2,926 
6,635 
3,811 

7,993 
3,  500 
1,748 
3,241 
2,999 

5,131 

8,774 
5,  480 
3,270 
1,012 
6,091 
4, 105 
5,300 
1,488 

7,115 
1,873 
2,191 
2,480 
2,892 
2,526 
4,015 
4,883 
9,015 

3,249 
4, 347 
2,677 
2,436 
4,314 
3,179 
3.219 

3,413 

7,462 
4,127 
8,974 

4,  356 
1,934 
3,926 
2,977 

5,372 
9,130 

5,  507 

3,  521 
990 

6,185 
4,464 
5,  390 
1,592 

7,  528 
1,967 
2,118 
2,540 
2,652 
2,464 
4,073 
5,218 
9,363 

3,166 
4,430 
2,742 
2,438 

4,  586 
3,  664 
3,  774 

3,066 
7,062 
3,755 
8,444 
3,576 
1,924 
3,430 
2,974 

5,278 
9,323 
6,010 

3,418 
989 
6,452 
4,383 
5,755 
1,547 

7,592 
2,003 
2,186 
2,382 
2,442 
2,  465 
3,805 
4,809 
9,696 

3, 155 
4,260 
2.820 
2,430 
4,273 
3, 295 
3,437 

2, 959 

7, 069 

i  3, 915 

*  8, 112 

3,462 
1,805 
3,460 
3,046 

5,266 
9,102 
3  5,  578 
3,427 
985 
6, 316 
4,159 
5,381 
1,612 

7.210 
'•  1   xyi 
'2,169 
:  2,542 
«  2,  637 
6  2.  521 
'4,141 
1  5, 085 
'  9,  367 

3,  238 
4,363 
2  724 
Z468 
4.465 
3.  407 
»  3.  444 

98.9 
93.9 
97.3 
98.5 
101.1 
96.8 
93.7 
98.5 

97.4 
96.4 
98.2 
95.4 
102.7 
96.4 
98.7 
98.5 
92.3 

98.7 
99.2 
101.0 
97.  6 

109.7 
100.2 
97.0 
96.0 
96.2 

100.  3 
99.6 
98.3 
98.7 
96  6 
93.3 

115.3 
105.6 
105.  4 
110.6 
125.8 
107.1 
113.5 
97.7 

102.0 
100.  3 

98.7 
102.7 
100.5 

97.9 
107.3 
100.2 

98.8 

104.4 

104.  1 
97.6 
99.9 

100.  6 
97.7 
98.4 

102.6 
99.9 

97.8 
101.5 
100.7 

98.8 
102.7 
107.  5 
109.6 

103.  6 
99.9 

Connecticut- 

Florida                   

95.9 
104.1 
103.3 

Michigan 

106.6 
99.1 

Louisiana 

97.6 

Missouri ..  ___  . 

100.2 

Texas. .. 

102.4 

Colorado  

107.7 

Washington .  ... 

Oregon 

California- .   . 

99.7 
100.4 
102.2 

Alabama  

105.4 
107.0 

Arizona ...  

96.0 
105.3 

106.0 
100.8 

California   

93.7 
92.6 
97.8 

Connecticut    ... 

Georgia 

Idaho-.  

Illinois  .. 

91.9 
94.6 
103.5 

97.4 
97.6 
103.  5 
98.5 
95  7 

Indiana .. 

Iowa 

96.7 
99.8 

Weighted  aver- 
age   

97.  5 

103.4 

100.8 

Weighted  per- 
centage of  error- 

3.01 

4.28 

3.59 

1  Feb.  18,  1939-Feb.  17,  1940. 
"■  Feb.  25,  1939-Feb.  24,  1940. 
1  Dec.  17,  1938- Dec.  16,  1939. 
'  Mar.  10,  1939-Mar.  9,  1940. 


«  Jan.  29,  1939- Jan.  28,  1940. 
•  Year  193S. 

"  Feb.  5,  1937-Feb.  4.  1938. 
8  Apr.  16,  1938-Apr.  15, 1939. 


A  comparison  on  the  basis  of  these  weighted  averages 
indicates  that  schedule  I  generally  produces  the  most 
accurate  results  on  State  routes  carrying  heavy  traffic, 
and  that  schedule  II  gives  the  most  accurate  values  on 
wState  routes  that  carry  light  traffic.  Considering  all 
stations,  the  weighted  average  deviation  of  the  ratios 
of  computed  traffic  to  true  traffic  is  approximately 
equal  for  schedule  I  and  II,  and  schedule  III  is  generally 
less  accurate  than  either  of  the  others.  However,  it 
may  be  remarked  that  the  average  differences  are  small 
under  all  three  schedules. 

A  better  comparison  of  the  results  may  be  made  by 
arranging  the  number  of  stations  under  each  schedule 
according  to  the  percentage  deviation  of  the  computed 
traffic  from  the  true  traffic  volumes,  as  indicated  in 
table  9. 

Traffic  at  73  of  the  99  stations  may  be  estimated 
under  schedule  I  within  5  percent  of  the  true  values,  as 
compared  with  74  stations  and  54  stations  for  schedules 
II  and  III,  respectively.  While  14  stations  give  results 
within  1  percent  of  true  values  under  schedule  III, 
as  compared  with  14  under  schedule  I,  and  18  under 
schedule  II,  results  at  45  stations  are  more  than  5 
percent  inaccurate  under  schedule  III  as  compared 
with  but  26  stations  under  schedule  I  and  25  under 
schedule  II. 

From  these  tests,  at  a  limited  number  of  stations  well 
distributed  both  geographically  and  with  respect  to 
traffic  volumes,_  it  would  appear  that  schedule  III  pro- 
duces results  with  a  considerably  wider  range  of  devia- 


Table  7. — Automatic  traffic  recorder  averages  for  year  1939,  State 
routes  carrying  light  traffic 


State 


Arizona 

Arkansas.. . 

Georgia 

Iowa 

Louisiana.. 

Minnesota. 

Missouri... 


Montana 

Nebraska. 

Nevada 

New  Hampshire. 

Oklahoma... 

Pennsylvania 

Rhode  Island 

South  Carolina... 


Texas 

Utah 

Washington... 
West  Virginia  _ 

Alabama 

California 

Connecticut. .. 
Florida... 


Kansas 

Kentucky 

Maine 

Maryland 

Michigan 

Pennsylvania  . 
South  Dakota- 
Wisconsin 


Weighted  aver- 
age  


Weighted     per- 
centage of  error 


Sta- 

l  H  .11 


5 

7 

11 

607 

13 

171 

174 

7 

A-7 

A-3 

114 

3 


3 

104 


9 
305 
9 
8 
6 
4 
4 
11 

7 
4 
4 
3 

672 
5 

106 
16 


Average  daily  traffic 


Schedule 


201 
194 
280 
435 
151 
263 
283 
595 

462 

208 
263 
538 
1,091 
302 
325 
676 

863 
538 
724 
230 
540 
614 
772 
716 
393 


301 
400 
386 
972 
498 
452 
892 


II 


206 
209 
295 
455 
149 
268 
293 
652 

474 
207 
226 
565 
1,087 
364 
337 
687 

821 
532 
783 
226 
556 
671 
808 
752 
375 

883 
310 
414 
421 
1,007 
531 
468 
934 


III 


Actual 
average 
for  year 


193 
207 
299 
448 
153 
271 
332 
611 

421 
220 
224 
437 
1,110 
344 
307 
694 

877 
504 
765 
241 
502 
701 
736 
630 
350 

952 

289 
367 
401 
872 
577 
469 
993 


206 

198 

292 

434 

I  150 

"  275 

3  298 


474 
213 
228 
513 
1,111 
<358 
326 
665 

848 
526 
766 
222 

'551 
667 
829 

«757 
381 

909 

»  295 
407 
376 
969 
543 
479 


Percentage  of  actual 
average 


97.6 
98.0 
95.9 
100.2 
100.7 
95.6 
95.0 
97.9 

97.5 
97.7 
115.4 
104.9 
98.2 
84.4 
99.7 
101.7 

101.8 

102.3 
94.5 

103.6 
98.0 
92.1 
93.1 
94.6 

103.1 


102.0 
98.3 
102.7 
100.3 
91.7 
94.4 
89.4 


97.5 


4.05 


II 


100.0 
105.  6 
101.0 
104.8 
99.3 
97.5 
98.3 
107.2 

100.0 
97.2 
99.1 
110.1 
97.8 
101.7 
103.  4 
103.3 

96.8 
101.1 
102.2 
101.8 
100.9 
100.6 
97.5 
99.3 
98.4 

97.1 
105.  0 
101.7 
112.0 
103.9 
97.8 
97.7 
93.6 


100.5 


3.12 


III 


93.7 
104.  5 
102.4 
103.2 
102.0 

98.5 
111.4 
100.5 


103.3 
98.2 
85.2 
99.9 
96.1 
94.2 

104.4 

103.4 
95.8 
99.9 

108.6 
91.1 

105.0 

S-v  K 

83.  2 
91.9 

104.7 
98.0 
90.2 

106.  6 
90.0 

106.3 
97.9 
99.5 


5.65 


i  Oct.  29,  1938-Oct.  28,  1939. 
'  Aug.  6,  1938-Aug.  5,  1939. 
3  Aug.  20,  1938-Aug.  19,  1939. 
•  Oct.  1,  1938-Sept.  30,  1939. 


'  Mar.  18,  1939-Mar.  17,  1940. 
8  Feb.  18,  1939-Feb.  17,  1940. 
'  Year  1938. 


tion  from  true  values  than  schedules  I  or  II;  that  is, 
the  results  from  the  use  of  schedule  III  are  much  more 
erratic  than  those  from  either  of  the  other  schedules. 

Accuracy  is  one  of  the  most  important  considerations 
involved  in  selecting  a  schedule  of  operation.  Cost  of 
operation,  completeness  of  resulting  data,  and  practical 
time  and  distance  factors  involved  in  putting  the 
schedule  into  field  operation  are  frequently  of  equal 
importance. 

In  the  State-wide  Highway  Planning  Surveys,  vol- 
ume is  but  one  of  the  many  traffic  items  investigated. 
At  loadometer  and  pit-scale  stations,  weight  of  vehicle, 
weight  of  loads,  length,  height,  and  width  of  vehicles, 
origin  and  destination  of  vehicle  trips  are  a  few  of  the 
many  additional  items  with  respect  to  which  informa- 
tion is  needed.  Classification  of  vehicles  by  types  is 
also  necessary. 

At  loadometer  and  pit-scale  stations,  flags,  flares, 
and  protection  signs  must  be  placed,  since  vehicles  must 
be  stopped  for  weighing  and  questionnaires  must  be 
filled  out.  This  preparation  of  a  station  for  safe  opera- 
tion takes  a  considerable  amount  of  time.  This  time 
requirement,  together  with  the  time  needed  to  transport 
from  one  station  to  another  personnel  trained  to  obtain 
this  type  of  information,  makes  practically  impossible 
the  use  of  a  schedule  based  upon  short  periods  of 
observation. 

Use  of  a  short  period  of  observation  reduces  the 
amount  of  effective  time  (i.  e.,  percentage  of  total  time 
that  stations  are  actually  in  operation)  and  greatly  in- 
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Table  8. — Automatic  traffic  recorder  averages  for  year  19S9,  local 

routes 


State 


Arkansas... 
Georgia. ... 

Iowa 

Kentucky.. 
Maryland.  _ 
Minnesota. 


Montana 

North  Carolina. 

Ohio 

South  Dakota... 

Texas 

Wisconsin. 

Alabama 

Massachusetts . . 


Sta- 
tion 


Michigan.  - 
Minnesota. 


Missouri 

North  Carolina. 

Ohio..- 


Oklahoma 

Rhode  Island . 
Texas 

Utah.. 

Wisconsin 


Weighted  aver- 


Weighted     per- 
centage of  error. 


10 

2 

'    609 

611 

4 

8 

'     169 

.     178 

A-2 

5 

5 

105A 

22 

19 

1 

'        3 

683 

177 

183 

184 

3 

4 

6 

8 

3 

10 

10 

1 

20 

304 

307 

20 


Average  daily  traffic 


Schedule 


250 
113 
96 
58 
308 
341 
130 
116 

134 
141 
155 
242 
89 
186 
374 
209 
356 

335 
547 
192 
229 
391 
440 
213 
154 

241 
468 
562 
381 
356 
561 
1,500 
258 


266 
131 
93 
66 
287 
344 
134 
116 

145 
140 
176 
241 
92 
185 
454 
225 
399 

325 
533 
188 
202 
405 
491 
231 
164 

257 
458 
558 
398 
369 
591 
1,660 
303 


III 


268 
107 
107 
78 
289 
363 
122 
122 

140 
149 
160 
250 
105 
196 
402 
175 
315 

311 
526 
207 
203 
406 
431 
182 
140 

242 
452 
549 
375 
380 
627 
1,585 
291 


Actual 
average 
for  year 


i  259 

113 

96 

64 

300 

349 

»  136 

3  120 

139 

3  142 

172 

232 

*  94 

195 

'  380 

«  213 

356 

330 

567 

'184 

8  199 

379 

470 

»  213 

'0  165 

II  261 

457 
558 
389 
374 
593 
1,593 
274 


Percentage  of  actual 

Average 


96.5 
100.0 
100.0 
90.6 
102.7 
97.7 
95.6 
96.7 

96.4 
99.3 
90.  1 

104.3 
94.7 
95.4 
98.4 
98.1 

100.0 

101.5 
97.5 
104.4 
115.1 
103.2 
93,  6 
100.0 
93.3 

92.3 
102.4 
100.7 
97.9 
95.2 
94.6 
94.2 
94.2 


97.7 


102.7 
115.9 
96.9 
103. 1 
95.7 
98.6 
98.5 
96.  7 

104.3 
98.  6 
102.3 
103.9 

97.9 
'.u  9 
119.5 
105.  6 
112.0 

98.5 
94.0 
102.1 
101.5 
106.9 
104.4 
108.5 
99.4 

98.5 
100.2 
100.0 
102.3 
98.7 
99.7 
104.2 
110.6 


III 


103.5 
94.7 

111.5 

121.9 
96  3 

104.0 
89.7 

101.7 

100.7 

101.  9 
93.0 

107.8 
111.7 
100.5 
105.8 
82.2 
88.5 

94.2 
92.8 
112.5 

102.  0 
107.1 

91.7 
85.4 
84.8 

92.7 
98.9 
98.4 
96.4 
101.6 
105.7 
99.5 
106.  2 


102.5 


4.01        4.29 


5.33 


>  Estimated. 

2  Aug.  6,  1938- Aug.  5,  1939. 
»  Aug.  20,  1938-Aug.  19,  1939. 
<Nov.  19,  1938-Nov.  18,  1939. 
*  Apr.  30,  1939-Apr.  29,  1940. 
«  Jan.  15,  1939-Jan.  14,  1940. 


'  Jan.  29,  1938-Jan.  28,  1939. 
"  Mar.  26,  1938-Mar.  19,  1939. 
»  Sept.  11,  1938-Sept.  10,  1939. 
10  Feb.  13,  1938-Feb.  12,  1939. 
11    Year  1938. 


Table  9. —  Number  of  stations  at  which  computed  traffic  differs 
from  actual  traffic,  under  S  assumed  schedules;  deviations  by 
percentage  groups 


Deviation  of 

computed  daily  traffic  from  true 
daily  traffic,  percent 

Number  of  stations 

Schedule 
I 

Schedule 
II 

Schedule 
III 

0-0.9 

14 
59 
23 
3 

18 
56 
21 
4 

14 

1-4.9... 

40 

5-15 -. 

41 

Over  15 

4 

Total. 

99 

99 

99 

creases  travel  costs.  Both  these  factors  operate  to 
increase  very  greatly  the  unit  cost  of  an  item  of  informa- 
tion, and  thus  the  cost  of  the  whole  survey. 

One  advantage  of  either  schedule  I  or  II,  as  compared 
with  schedule  III,  is  that  both  provide  much  greater 
information  with  respect  to  normal  maximum  traffic 
volume.  The  maximum  values  recorded  under  either 
of  the  first  two  schedules  are  during  periods  of  from 
8  to  24  hours.  Maximum  values  are  ordinarily  too 
irregular  in  their  occurrence  to  permit  an  accurate 
measurement  of  them  by  means  of  a  single  hour  of 
observation. 

Still  another  consideration  in  the  decision  with  respect 
to  the  most  valuable  schedule  for  field  operation  is  the 
probable  accuracy  of  the  estimate  of  the  proportions  of 
the  various  types  of  vehicles — foreign  vehicles,  heavy 


trucks,  busses,  etc. — in  the  results  obtained  with  various 
schedules.  This  question  is  difficult  to  investigate, 
partly  because  of  the  scarcity  of  data.  To  be  sure,  the 
automatic  traffic  recorder  has  now  given  a  considerable 
sample  in  which  is  known  the  total  number  of  vehicles 
during  every  hour  of  the  year.  However,  it  is  clear  that 
the  number  of  foreign  vehicles,  for  example,  in  propor- 
tion to  total  vehicles  changes  greatly  throughout  the 
year. 

In  summer  foreign  vehicles  form  50  percent  of  the 
total  traffic  in  some  States.  In  the  same  areas  in 
winter  foreign  vehicles  are  not  over  15  percent  of  the 
total.  In  one  State  foreign  vehicles  are  14  percent  of 
the  total  in  December  and  24  percent  in  August.  The 
distinction  between  vehicle  types  cannot  be  made  by 
the  automatic  traffic  recorder,  and  detailed  data 
classifying  traffic  throughout  every  day  of  a  full  year  are 
available  for  but  a  small  number  of  locations. 

A  limited  amount  of  investigation  of  this  problem  at 
one  station,  considered  to  be  typical  of  traffic  found  on 
most  rural  highways,  is  summarized  in  table  10. 


Table  10. 


-Classification  of  traffic  by  type  of  vehicle  under  various 
schedules 


Item 


Actual  classification  ... 

Average  of  S  runs  (ti  a.  m.-lO  p.  m.)  '. . 

Average  of  8  runs  (24  hour)  ' 

24-hour  weekday,  Saturday,  and  Sun- 
day 2 

24-hour  weekday,  Saturday,  and  Sun- 
day 3 

24-hour  weekday,  Saturday,  and  Sun- 
day * 

16-hour  (6  a.  m.-lO  p.  m.)  weekday, 
Saturday,  and  Sunday  * 

8-hour  (8  a.  m.-4  p.  m.)  weekday,  Satur- 
day, and  Sunday  4 

Key  station  schedule  (average  of  5  runs) 

Average  of  2  runs  5 


Passenger  cars 

Trucks 

and 
combi- 
nations 

Busses 

Local 

Foreign 

7s  2 
69.  2 
69.  2 

7.1 
12.2 
11.9 

14  5 
18.3 
18.7 

0.2 
.3 
.  2 

69  8 

12.2 

17.8 

.2 

84.0 

3.2 

11.9 

.3 

76.  6 

8.0 

15.2 

o 

76.2 

8.4 

15.2 

.2 

73.2 
78.0 

77.7 

9.7 
6.8 
8.3 

16.7 
15.0 
13.7 

.4 
.2 
.3 

Total 


100.0 
100.0 
100.0 

100.0 

100.0 

100.0 

100.0 

100.0 
100.0 
100.  0 


1  In  months  of  probable  maximum  and  probable  minimum  traffic. 
'  February  and  August. 
3  May  and  November. 
1  February,  May,  August,  and  November. 

•  4-hour  weekday,  Saturday,  and  Sunday  counts  each  season;  staggered  8  a.  m.- 
12  m.  and  4  p.  m.-8  p.  m. 

Other  combinations,  similar  to  those  given  in  table 
10,  were  examined  and  data  for  other  stations  were 
analyzed  in  the  same  manner.  The  tentative  conclu- 
sion resulting  from  this  analysis  was  that  the  standard 
key  station  schedule  appears  to  give  good  results,  but 
it  is  relatively  a  costly  operation. 

METHOD  OF  ESTIMATING  TRAFFIC  WITHIN  CITIES  OUTLINED 

The  above  discussion  includes  an  examination  of  the 
principal  types  of  schedules  that  are,  or  have  been, 
used  in  extensive  traffic  surveys  on  rural  roads.  Other 
schedules  have  been  used  hi  this  work,  but  nearly  all 
of  them  represent  but  minor  modifications  in  the  above 
general  types. 

Within  cities,  use  has  been  made  of  a  method  of 
extremely  short  counts  which  was  given  practical  appli- 
cation in  a  survey  conducted  in  the  city  of  Amarillo, 
Tex.,  by  members  of  the  Engineering  and  Police  De- 
partments in  cooperation  with  the  Texas  Highway 
Department. 6 

Theoretically,  under  proper  traffic  conditions,  a  count 
of  1  minute  during  each  half  hour  or  hour  might  be 
sufficient  for  the  estimate  of  total  traffic,  but  the  chief 

'Traffic  Aids  to  Texas  Municipalities,  by  R.  O.  Swain.    The  American  City, 
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obstacle  to  this  proposal  was  the  loss  of  time  involved 
by  traveling  between  intersections.  Finally,  a  5- 
minute  observation  period  was  selected. 

Time  loss  between  stations  was  eliminated  by  sta- 
tioning observers  on  the  tops  of  the  taller  buildings  in 
Amarillo.  From  certain  of  these  buildings  as  many  as 
32  intersections  could  be  observed.  This  procedure 
permitted  a  recorder  to  observe  as  many  as  six  inter- 
sections within  a  half-hour  period,  counting  traffic  at 
each  intersection  for  a  5-minute  period. 

The  method  used  was  described  as  follows: 

In  estimating  the  hourly  flow  of  traffic,  the  two  5-minute 
counts  taken  within  a  1-hour  period  were  added  together  and 
multiplied  by  6.  This  method  of  short  counts  in  towns  and 
cities  was  determined  to  be  as  accurate  as  making  full  8-hour 
counts  and  converting  them  into  24-hour  figures.  In  checking 
the  accuracy  against  the  full  count,  the  error  averaged  approxi- 
mately 3  percent.  *  *  *  Intersections  carrying  more  than 
4,000  vehicles  in  a  12-hour  period  were  within  3  percent  of  ac- 
curacy.6 

Study  of  reports  and  tests  now  available  indicates 
that:  (1)  The  key  station  schedule,  or  a  schedule  of 
the  same  general  type,  produces  a  larger  proportion  of 
results  within  practical  limits  of  accuracy  than  do  the 
other  schedules;  (2)  the  40-hour  schedule  (No.  Ill) 
previously  described  produces  results  with  a  consider- 
ably wider  range  of  deviation  from  true  values  at  more 
stations  than  either  the  blanket  count  control  or  the 
key  station  schedule;  (3)  the  blanket  count  schedule 
produces  results  comparable  with  those  from  the  key 
station  schedule;  (4)  collection  of  information  such  as 
that  obtained  at  loadometer  and  pit-scale  stations  is  a 
difficult  matter  from  the  standpoint  of  travel  time  and 
practical  scheduling  of  field  parties,  and  is  uneconomical 
when  based  upon  a  short  count  schedule;  (5)  the  short 
count  schedule  produces  insufficient  information  with 
respect  to  maximum  traffic  periods;  (6)  the  key  station 
schedule  produces  accurate  results  in  the  classification 
of  traffic  by  vehicle  types;  (7)  the  short  count  schedule 
by  5-minute  periods  produces  results  within  the  limits 
of  practical  accuracy  and  is  useful  in  city  traffic  surveys, 
if  the  time  loss  and  cost  of  travel  can  be  reduced  by 
stationing  observers  on  tall  buildings  from  which  several 
intersections  can  be  observed. 

COMPOSITION  OP  TRAFFIC  ANALYZED 

Further  analysis  with  respect  to  certain  of  these  con- 
clusions will  be  greatly  facilitated  by  the  accumulation 
of  automatic  traffic  recorder  data.  Certain  data  are 
now  available  from  vehicle  classification  counts  taken 
throughout  1939  at  352  automatic  traffic  recorder 
stations  located  in  39  States.  These  data  are  of  assist- 
ance in  forming  conclusions  with  respect  to  schedule 
selection. 

The  total  traffic  was  separated  by  type  of  vehicle  by 
means  of  classification  counts  taken  at  intervals 
throughout  the  year  at  the  recorder  sites.  The  number 
of  vehicle  classification  counts  in  some  States  is  small 
and,  in  some  instances,  it  was  necessary  to  supplement 
them  by  classification  data  obtained  in  years  other  than 
1939.  However,  the  proportions  of  the  various  types 
of  vehicles  change  slowly  from  year  to  year,  and  the 
inaccuracy  in  the  number  of  vehicles  by  type  is  slight. 

Two  hundred  and  ninety-four  of  these  stations  were 
located  on  the  State  highway  systems,  and  58  were 
located  on  local  roads.     An  examination  of  the  data 
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discloses  significant  differences  between  the  characteris- 
tics of  traffic  on  these  two  classes  of  highway.  A  com- 
parison of  the  results  of  the  automatic  traffic  recorder 
operation  with  gasoline  consumption  indicates  that  the 
recorders  furnish  a  measure  of  traffic  representative  of 
the  country  as  a  whole  and,  in  States  which  are  oper- 
ating a  large  number  of  recorders,  representative  of 
traffic  changes. 

In  two  States  the  classification  of  vehicles  was  not  as 
detailed  as  that  reported  by  the  other  States,  so  that 
the  discussion  which  follows  applies  only  to  the  results 
of  operation  at  334  stations  (276  on  State  routes,  58  on 
local  roads)  in  37  States. 

The  proportion  of  foreign  traffic  using  State  highways 
varies  widely  among  the  States,  and  is  affected  by  two 
major  influences:  (1)  The  geographical  location  and  size 
of  the  State;  (2)  the  amount  of  recreational  traffic  that 
is  attracted  to  the  State  as  compared  with  the  amount 
of  local  traffic.  It  is  probable  that  in  few  States  are 
the  automatic  traffic  recorders  sufficient  hi  number  so 
that,  if  manual  operations  were  made  at  each  location, 
representative  averages  of  the  amount  of  foreign  travel 
would  be  obtained.  In  Florida,  which  attracts  large 
numbers  of  tourists,  foreign  cars  measured  at  10  traffic 
recorders  were  nearly  40  percent  of  the  total  traffic. 
Nevada  attracts  a  small  amount  of  tourist  travel,  but, 
because  of  its  geographic  location  adjacent  to  the 
Pacific  Coast  States,  foreign  travel  at  11  recorders  in 
Nevada  was  found  to  be  nearly  40  percent  of  the  total. 
Near  the  other  extreme  is  Texas,  in  which  foreign  travel 
was  slightly  more  than  10  percent,  measured  at  18  traffic 
recorders.  Texas  attracts  a  small  amount  of  tourist 
traffic  relative  to  its  total  traffic  and  is  not  crossed 
much  by  foreign  vehicles  en  route  to  other  States. 

For  all  States,  the  percentage  of  foreign  vehicles 
measured  at  automatic  traffic  recorders  was  21.08  on 
State  highways,  and  1.72  on  local  routes,  a  ratio  of 
more  than  12  to  1. 

Bus  traffic  was  found  to  be  less  than  1  percent  (0.88 
percent)  of  traffic  on  State  highways  and  negligible  in 
amount  upon  local  routes  although,  because  of  the  low 
volume  of  travel  on  local  routes,  it  amounted  to  1.72 
percent  of  the  total.  Busses  are  predominantly  local 
vehicles;  14  out  of  15  busses  traveling  State  highways 
carry  tags  of  the  State  in  which  they  operate,  and  bus 
travel  on  local  routes  is  almost  entirely  by  local  vehicles. 

Heavy  trucks  (those  with  rated  capacities  of  5  tons, 
or  more)  use  the  highways  but  slightly  more  than  do 
busses.  They  were  found  to  be  1.01  percent  of  all 
vehicles  measured  at  automatic  traffic  recorder  stations, 
and  nearly  all  were  found  on  State  highways.  Eleven 
percent  of  heavy  trucks  counted  were  foreign  vehicles 
as  against  7  percent  of  the  busses. 

While  the  foregoing  statement  about  the  number  of 
heavy  trucks  is  true  with  regard  to  totals,  an  inspection 
of  the  detailed  data  discloses  concentrations  of  heavy 
trucks  much  greater  than  those  of  busses.  At  several 
of  the  recorders  located  in  California,  Connecticut, 
Massachusetts,  and  Pennsylvania,  heavy  trucks  aver- 
aged  upwards  of  100  per  day  during  1939  and  reached 
667  per  day  at  stations  8  and  19  in  Connecticut.  At 
the  single  station  for  which  data  were  available  in 
Illinois,  heavy  trucks  averaged  270  per  day,  while  bus 
traffic  at  this  station  was  but  13  per  day. 

A  study  of  data  for  individual  stations  indicates  a 
slight  tendency  toward  increase  in  the  proportion  of 
heavy  trucks  with  increase  in  volume  of  total  traffic; 
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i.  e.,  the  percentage  of  heavy  trucks  tends  to  increase 
with  an  increase  in  the  total  number  of  vehicles  using 
a  route.  In  contrast,  the  percentage  of  foreign  vehicles 
decreases  generally  with  an  increase  in  the  total  number 
of  vehicles,  although  this  tendency  is  not  sharply 
marked. 

From  traffic  counter  records  it  is  now  possible  to 
measure  the  seasonal  variation  in  traffic  volume  during 
1939  upon  State  and  local  routes,  as  indicated  in  table  1 1 . 
Seasonal  variation  is  similar  on  the  two  classes  of  routes, 
although  the  travel  peak  is  earlier  and  higher  on  the 
State  routes.  The  seasonal  peak  on  State  highways  is 
in  August,  travel  in  that  month  exceeding  that  of  the 
average  month  by  nearly  24  percent.  Travel  on  local 
routes  is  greatest  in  September  and  is  about  17  percent 
greater  than  in  the  average  month. 

Table  11. — Seasonal   variation  in  total  motor-vehicle    traffic  on 
State  highways  and  local  roads 


Month 


January.. 
February. 
March 

April 

May 

June 

July 

August.. . 
September 

October... 
November 
December. 


Average  daily  traffic 


State 
highways 


1, 608 
1,607 
1,838 

2,018 
2,165 
2,306 

2,594 
2. 633 
2,384 

2,233 

2,  104 
2,007 


Local 
routes 


276 
245 
278 

311 
335 
358 

394 

396 
403 

390 
384 
370 


Percentage  of  average 
month 


State 
highways 


75.68 
75.63 
86.50 

94.98 
101.89 
108.  53 

122.  09 
123. 93 
112.20 

105.09 
99.02 
94.  4>: 


Local 
routes 


80.00 
71.01 
80.58 

90.  14 
97.10 
103.  77 

114.20 
114.79 
116.82 

113  111 
111.30 
107.  25 


SEASONAL  VARIATIONS  IN  TRAFFIC  FLOW  COMPARED 

The  automatic  traffic  recorder  data  have  been  of 
invaluable  assistance  in  the  solution  of  another  prob- 
lem— that  of  estimating  annual  traffic  volume  when  the 
pei'iod  that  traffic  was  observed  covered  but  a  few 
hours.  There  are  hundreds  of  thousands  of  miles  of 
public  highways  upon  which  traffic  volume  is  below 
25  vehicles  per  day,  and  only  a  limited  expenditure  for 
traffic  information  is  justified  upon  such  routes.  At 
many  intermediate  points  between  key  stations  upon 
routes  of  considerable  traffic  importance,  traffic  need 
be  observed  only  diiring  short  periods  of  time  to 
produce  acceptable  data  with  regard  to  variation  of 
traffic.  At  such  points  a  factor  derived  from  known 
traffic  patterns  (frequently  from  the  continuous  data 
collected  at  automatic  recorders)  can  be  applied  in 
estimating  annual  traffic. 

These  factors  must  be  based  upon  traffic  patterns 
that  are  typical  and  reasonably  invariant  over  a 
period  of  time;  that  is,  they  must  be  typical,  or  repre- 
sentative, in  order  that  they  will  apply  to  many  stations. 
They  must  be  reasonably  invariant  because,  if  sharp 
changes  occur  in  seasonal  patterns  (or  other  patterns 
needed),  the  factors  derived  for  use  in  one  year  will  not 
produce  accurate  estimates  of  annual  traffic  when 
applied  to  traffic  data  for  short  periods  of  time  in  later 
years.  The  term  "reasonably  invariant"  is  used 
because  experience  indicates  that  absolute  invariance 
in  patterns  is  not  to  be  expected. 

One  measure  of  the  invariance  in  seasonal  traffic  varia- 


tion is  presented  in  table  12,  which  shows  seasonal  varia- 
tion of  urban  and  rural  traffic  for  each  year  from  1926 
to  1931,  inclusive,  in  Virginia.  These  figures  are  taken 
from  graphs  which  accompany  annual  traffic  flow  maps 
prepared  by  the  Virginia  Highway  Commission. 
Traffic  data  are  available  for  the  whole  State  highway 
system  and  are  shown  in  the  maps.  The  table  indicates 
the  remarkable  lack  of  substantial  change  in  the 
seasonal  indices  for  both  urban  and  rural  traffic  during 
these  6  years. 

Other  comparisons  are  shown  in  figures  19  to  23, 
inclusive,  for  Arkansas,  Connecticut,  Florida,  Ohio,  and 
Pennsylvania,  respectively.  In  each  of  these  States 
comparison  has  been  made  between  the  seasonal  char- 
acteristics derived  from  former  traffic  surveys,  with  the 
seasonal  characteristics  of  traffic  at  the  automatic 
traffic  recorder  stations  in  each  State  operated  during 
the  year  1939.  In  each  case  the  data  are  related  to  the 
average  monthly  traffic  volume  as  100  percent. 

The  number  of  traffic  recorders  operated  in  1939  is 
much  smaller  than  the  number  of  stations  from  which 
the  original  seasonal  indices  were  obtained.  In  the 
comparisons,  data  from  States  with  the  largest  number 
of  traffic  recorders  and  an  early  traffic  survey  were  used. 
Two  of  the  States,  Connecticut  and  Pennsylvania,  each 
operated  22  traffic  recorders  during  1939;  and  in  no 
State  was  the  number  of  recorders  less  than  10. 

Table   12. — Seasonal  variations  in  traffic  on   Virginia  State 
highways  l 


[Monthly  variation  in 

percentage  of  average 

monthly  traffic] 

1926 

1927 

1928 

1929 

1330 

1931 

Month 

a 

M 

3 

X 

73 
73 
98 

102 
101 
98 

99 
135 
118 

102 
100 
101 

13 
03 

5 

p 

CO 

3 

a 

.0 

'3 

t* 

3 
« 

73 

72 
98 

102 
101 
98 

99 
134 

118 

102 

102 

101 

a 

C3 

.0 

a 

M 

3 

« 

72 
72 
98 

102 
102 
98 

99 
134 
118 

102 

102 
101 

a 

C3 

.0 

72 
71 
74 

95 
104 
105 

112 
123 
114 

113 
111 
106 

"3 
u 

3 

73 
71 
73 

95 
104 
106 

112 
123 
115 

112 
111 
105 

73 
70 
73 

95 
104 
106 

112 
124 
115 

112 
111 
105 

73 

73 

9S 

102 
101 

98 

99 
135 

118 

102 
100 
101 

73 
71 
74 

95 
103 
106 

112 
123 
114 

112 
111 
106 

73 
73 
98 

101 
100 
98 

99 
134 
1)8 

102 
102 

102 

73 
71 
73 

95 
103 
105 

112 
124 

115 

112 
111 
106 

72 
71 
73 

95 
104 
105 

112 
124 
115 

112 
111 
106 

7? 

February..  ..-  . 
March 

73 
98 

April 

102 

May.- .-  . 

101 

98 

Julv 

99 

134 

September . 

October 

November 

December . 

118 

102 
102 
101 

1  Sections  of  highways  within  a  10-mile  radius  of  cities  are  designated  as  urban,  others 
as  rural,  by  Virginia  Highway  Commission. 

The  Arkansas  comparison,  figure  19,  shows  a  very 
slight  change  in  seasonal  variation  from  1934-35  to 
1939.  In  Connecticut,  figure  20,  the  changes  in  seasonal 
variation  are  small.  In  Florida,  the  indices  are  also 
fairly  close. 

In  Ohio  the  comparison  of  seasonal  variation  is 
between  the  years  1925  and  1939.  Here  the  agreement 
is  not  so  close  as  in  the  previous  examples.  And 
finally,  in  Pennsylvania,  the  comparison  is  for  1923-24 
with  1939  and  there  is  still  greater  disagreement  between 
tb.3  indices  than  in  Ohio.  The  data  shown  by  these 
figures  indicate  that  traffic  volume  has  tended  to  be 
more  evenly  distributed  throughout  the  year  in  the  lat- 
ter part  of  the  last  15-  to  17-year  period. 

In  figure  23  the  change  from  minimum  to  maximum 
values  of  the  seasonal  index  in  1923-24  was  from 
about  40  to  160,  a  ratio  of  1  to  4.     Corresponding  values 
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in  1939  are  from  a  minimum  of  65  to  a  maximum  of 
133,  a  ratio  of  1  to  2. 

Thus,  while  there  has  been  a  c 
seasonal  indices  over  the  longer 
creased  reliability  of  operation  of 
roads,    and    snow   removal    over 
system,   during   the  latter   part 
discussion  the  apparent  change 
has  been  small. 


onsiderable  change  in 
period,  with  the  in- 
motor  vehicles,  better 
the  whole  highway 
of  the  period  under 
in  seasonal  variation 


TRAFFIC  FLOW  BETWEEN  7  A.  M.  AND  7  P.  M.  APPROXIMATELY  70  PER- 
CENT OF  DAILY  TOTAL 

It  may  also  be  noted  that  this  relative  invariance'in 
seasonal  change  during  the  latter  part  of  the  periodjis 
more  or  less  independent  of  the  particular  type  of 
seasonal  variation  under  consideration.  For  example, 
Florida's  seasonal  traffic  indices  differ  widely  from 
those  of  Arkansas  and  even  more  widely  from  those  of 
Connecticut.  The  minimum  traffic  in  Florida  is  in 
September;  whereas  in  Arkansas,  it  is  in  January;  and 
in  Connecticut,  it  is  in  February.     Nevertheless  the 


change  in  seasonal  variation  is  nearly  the  same  for  all 
three  States. 

There  are  other  patterns  of  traffic  that  are  reasonably 
invariant  in  the  sense  in  which  that  term  has  previously 
been  used.  Tables  13,  14,  and  15  contain  data  from 
automatic  recorders  on  State  routes,  divided  between 
heavy  and  light  traffic  routes,  and  on  local  routes, 
together  with  the  computed  ratios  of  several  period 
totals  to  total  daily  traffic.  An  examination  of  these 
tables  discloses  interesting  and  significant  facts.  For 
example,  the  percentage  of  the  total  traffic  moving 
between  7  a.  m.  and  7  p.  m.  is  71.9  for  all  routes  and  by 
classified  routes  is: 

Percent 

15  State  routes,  heavy  traffic 71.  0 

21  State  routes,  light  traffic 75.  8 

14  Local  routes 78.  1 

R.  O.  Swain,  in  the  article  from  The  American  City 
previously  referred  to,  states: 

That  hourly  traffic  flow  also  cuts  certain  patterns  is  another 
Cherniack  theory  which  may  be  applied  to  Texas  traffic.  Of 
value  in  this  connection  is  the  movement  of  motor-vehicle  traffic 


Table  13. —  Traffic  by  hourly  periods  at  automatic  recorder  stations,  State  routes,  heavy  traffic,  1939 


State 


Massachusetts. 
Connecticut 


Florida .  . . 

Michigan. 
Louisiana. 


Missouri 

Texas 

Colorado 

Washington. 


Oregon 

California. 


Total . 


Station 
No. 


2 

17 

10 

13 

676 

14 

9 
10 
11 

10 


Total 
yearly 
volume 


1, 045, 290 

2,110,370 

i  1,  365, 076 

2  2,949,154 

1,260,823 

658, 659 

1,265.045 

1, 109,  565 

1,879,116 

510,  302 

1,944,663 

1,  200,  884 

337,  721 

289,015 

1,  399,  962 


19,  325,  645 


Volume  by  time  of  day 


6  a.  m. 

to 
2  p.  m. 


357, 007 

801, 639 

475,  784 

1,014,094 

548,  867 
274,  331 
190,  464 
463, 276 

704,  713 
228,  814 
809,  980 
495,711 

148,001 
119,347 
538,  271 


7, 470,  302 


2  p.  m. 

to 
10  p.  m. 


558, 993 
1,040,069 

624,  939 
1, 396,  555 

576, 310 
316,  150 
623, 1 14 
516,  364 

930,  552 
237,471 
924,  853 
585,  353 

150.  424 
142,217 
619,621 


9,  242,  985 


10  p.  m. 
to 

6  a.  m. 


129,290 
268,  662 
264,  353 
538,  505 

135,  646 
68,  178 
151,  467 
129,  925 

243,  851 
44,017 
209, 830 
119,817 

39, 296 

27,451 
242,  070 


2,  612,  358 


8  a.  m. 

to 
4  p.  m. 


438, 746 

966, 815 

590, 833 

1, 194, 075 

657,113 
313.  335 
596,  616 
543,  593 

827, 618 
262,  527 
945,  578 
578,  385 

183, 120 
153,  775 
657,  227 


8, 909,  356 


7  a.  m. 

to 
7  p.  m. 


720,  648 
1,490.998 

901,065 
1,913,666 

961,999 
493, 356 
912,106 
830, 583 

1,  305,  289 
401.  863 

1,  452,  261 
892,  854 

256, 884 
225,  398 
960,  344 


13,719,314 


Percentage  of  total  volume 


6  a.  m. 

to 
2  p.  m. 


34.2 
38.0 
34.8 
34.4 

43.5 

41.6 
38.8 
41.8 

37.5 
44.9 
41.6 
41.3 

43.8 
41.3 
38.4 


2  p.  m. 

to 
10  p.  m. 


53.  5 
49.3 
45.8 
47.3 

45.7 
48.0 
49.2 
46.5 

49.5 
46.5 
47.6 
48.7 

44.  6 

49.2 
44.3 


38.7 


47.8 


10  p.m. 

to 
6  a.  m. 


12.3 

12.7 
19.4 
18.3 

10.8 
10.4 
12.0 
11.7 

13.0 
8.6 
10.8 
10.0 

11.6 
9.5 
17.3 


13.5 


8  a.  m. 

to 
4  p.  m. 


42.0 
45.8 
43.3 
40.5 

52.1 
47.6 
47.2 
49.0 

44.0 
51.4 
18.  f 
48.2 

54.2 
53.2 
46.9 


7  a.  m. 

to 
7  p.  m. 


68.9 
70.7 
60.0 
64.9 

76.3 
74.9 

72.1 
74.9 

69.5 
78.7 
74.7 
74.3 

76.1 
78.  0- 
68.6 


71.0- 


>  Feb.  18,  1938-Feb.  17,  1939.  2  Feb.  25,  1939-Feb.  24,  1940.  '  Dec.  17,  1938-Dec.  16,  1939. 

Table   14. —  Traffic  by  hourly  periods  at  automatic  recorder  stations,  State  routes,  light  traffic,  1989 


State 


Arizona... 
Arkansas.. 
Georgia... 

Iowa 

Louisiana. 


Minnesota. 

Missouri ... 
Montana... 
Nebraska.. 


Nevada 

New  Hampshire. 

Oklahoma 

Pennsylvania 

Rhode  Island 


South  Carolina. 

Texas 

Utah 

agton 

West  Virginia... 


Total. 


Station 
No. 


5 
7 

11 
607 

13 

171 

174 

A-7 
A-3 

114 
3 


3 

104 
8 
9 

305 
9 


Total 
yearly 
volume 


72.311 

63,  629 

100,  559 

154,  537 

'  54,  938 

2  91,  365 

■  107,561 

212,287 

173,315 

77,  735 

83,  728 
178,359 
292,276 
*  130.  672 
118,034 

244, 715 
287,  269 
180,932 
258,  738 
71,984 
«  157.  409 


3,112,413 


Volume  by  time  of  day 


6  a.  m. 

to 
2  p.  m. 


2  p.  m. 

to 
10  p.  m. 


31.000 
30, 821 
42.  729 
65,  870 

29,  262 

36,512 
57, 349 
91.694 
65,  897 
32,  381 

35,  063 
78,  442 
118,045 
50,  721 
42,  640 

101,309 
113,812 
68,411 
111,994 

30,  552 
69,  344 


1,298,908 


35,  688 
28.  739 
50,  124 
74.135 
22,  097 

41,913 
19,  145 

103,  239 

Vi.  '.'71 
38, 198 

41,519 
88,  170 
143,160 
OS,  134 
63,  706 

114,861 
140,050 
95,  733 
122,  549 
35,312 
76,  527 


1,526,003 


10  p.  m. 

to 
6  a.  m. 


5.  563 
4.069 
7,706 
1  -1,532 
3.579 

9,910 
6,067 

17.354 
17,471 
7,156 

7.  146 
11,747 
31.071 
11,817 
11,688 

28,  575 
33,  407 
16,  788 
24, 195 
6,120 
11,538 

287,  502 


8  a.  m. 

to 
4  p.  m. 


38, 860 
34,  725 
52,  483 
81.364 
31,  850 

46,  443 
60,716 
109, ',96 
85,  732 
39,  365 

43,  385 
98, 509 
143.  739 
58,  975 
54, 334 

120,267 
136,034 
81. 180 
133,345 
38.  070 
85,  479 


1,  574,  651 


7  a.  m. 

to 
7  p.  m. 


58,  239 
51,  509 
77. 861 

118,994 
46,  445 

66.  759 
85.  521 
165,  286 
128,  910 

59,  004 

65,  096 
141,225 
217,  263 
93,  890 
84,617 

179,  797 
206.  308 
132.  950 
199,005 
56,  209 
125,615 


2,  360,  503 


Percentage  of  total  volume 


i  a.  m. 
to 
p.  m. 


43.0 
48.4 
42.5 
42.6 
53.3 

40.0 

48.7 
43.2 
38.0 
41.7 

41.9 
44.0 
40.4 
38.8 
36.1 

41.4 
39.6 
37.8 
43.3 
42.4 
44.1 


41.7 


49.3 
45.2 
49.8 
48.0 
40.2 

49.2 
45.7 

48.6 
51.9 
49.1 

49.6 
4(1.  4 
49.0 
52.1 
54.0 

46.9 
is  s 
52.9 
47.-1 
49.  1 
48.6 


49.0 


10  p.  m. 

to 
6  a.  m. 


7.7 
6.4 
7.7 
9.4 
6.5 

10.8 
5.6 
8.2 

10.1 
9.2 

8.5 
6.6 
10.6 
9.1 
9.9 

11.7 
11.6 
9.3 
9.3 
8.5 
7.3 


9.3 


8 

a.  m. 

7  a.  m. 

to 

to 

4 

p.  m. 

7  p.  m. 

53.  7 
54.6 
52.2 
52.7 
58.0 

50.8 
56.4 
51.7 
49.5 
50.6 

51.8 
55.  2 

49.2 
45.1 
46.0 

49.1 
47.4 
44.  9 
51.  5 
52.9 
54.3 


51 1.  6 


80.5' 
81.0 

77.4 
77.0 
84.  5- 

73.1 
79.5 
77.9 
74.1 
75.9 

77.7 
79.  2 
74.3 
71.9 

71.7 

73.  5- 
71.8 
73.5 
76.9' 
78.1 


75.8- 


'  Oct.  29.  1938-Oct.  28,  1939. 


Aug.  6.  1938-Aug.  5,  1939. 


Aug.  20,  1938-  vug.  19,  1939.  <  Oct.  1,  1938-Sept.  30,  1939. 


s  Mar.  18,  1939-Mar. 


1910. 
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Figure    19. — Changes   in   Seasonal   Variation   of   Traffic 
Flow  in  Arkansas. 
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Figure   20. — Changes  in   Seasonal   Variation   of   Traffic 
Flow  in  Connecticut. 

between  7  a.  m.  and  7  p.  m.  Between  these  "daylight"  hours, 
Cherniack  figures  show  that  approximately  70  percent  of  the 
traffic  moves  in  both  rural  and  urban  areas.  On  Texas  highways, 
according  to  data  taken  from  the  highway  planning  survey's  20 
automatic  traffic  recorders,  this  "daylight"  percentage  is  73.23. 

Thus  the  data  shown  in  these  tables  agree  with  results 
obtained  elsewhere.  It  is  also  significant  that  the 
proportion  of  traffic  moving  during  daylight  is  greater 
on  the  local  routes  (78.1  percent)  as  compared  with  the 
proportion  on  heavily  traveled  State  routes  (71.0 
percent). 

Traffic  during  the  period  from  10  p.  m.  to  6  a.  m.  on 
the  various  classes  of  routes  is  12.7  percent  of  the  full 
24-hour  traffic,  and  is  classified  by  routes  as  follows: 

Percent 

State  routes,  heavy  traffic 13.  5 

State  routes,  light  traffic 9.  3 

Local  routes 7.  3 
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Figure   21. — Changes   in   Seasonal   Variation   of   Traffic 
Flow  in  Florida. 
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Figure   22. — Changes   in   Seasonal   Variation   of   Traffic 
Flow  in  Ohio. 
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ure   23. — Changes   in   Seasonal   Variation   of   Traffic 
Flow  in  Pennsylvania. 


Table  15. —  Traffic  by  hourly  periods  at  automatic-recorder  stations,  local  routes,  1939 


Station 
No. 

Total 
yearly 
volume 

Volume  by  time  of  day 

Percentage  of  total  volume 

State 

6  a.  m. 

to 
2  p.  m. 

2  p.  m. 

to 
10  p.  m. 

10  p.  m. 

to 
6  a.  m. 

8  a.  m. 

to 
4  p.  ID. 

7  a.  m. 

to 
7  p.  m. 

6  a.  m. 

to 
2  p.  m. 

2  p.  m. 

to 
10  p.m. 

10  p.  m. 

to 
6  a.  m. 

8  a.  m. 

to 
4  p.  m. 

7  a.  m. 

to 
7  p.  m. 

Arkansas 

10 

2 

f          009 

I          011 

4 

8 

f           169 

\          178 

A-2 

5 

5 

105A 

22 

19 

74, 190 
41, 156 
34,114 
23,  356 
105.911 
127,563 

1  49,  477 

2  43, 396 

49,019 

'-  51,  653 

47,  332 

86, 127 

3  29, 887 
66, 841 

36, 487 
18,965 
15,051 
11.810 
48,  342 
58,  386 
25,  646 

21,  171 

19,  449 
22, 429 

22,  701 
35,  792 
13  218 

33, 926 

19, 958 
10,377 
10,  218 
49, 544 
58,  588 
19,  960 
19,  910 

25,  801 

26,  259 
22,  226 
42,  478 
14  fiflS> 

3,777 
2,233 
2,686 
1,328 
8,025 
10,  589 
3,871 
2,315 

3,769 
2.965 
2,405 
7,857 
1,977 
6,405 

40, 599 
21, 575 
18, 039 
14,221 
52,  402 
63,  817 
27,  970 
24, 388 

24, 976 
27, 054 
27, 681 
43,  298 
15,  530 
32, 843 

60, 699 
1     33, 702 
26,  314 
19,  586 
82, 129 
95.  230 
38,  409 
34,  898 

37,  969 
41,  559 

38,  701 
65,  770 
23,  754 
49,  750 

49.2 
46.1 
44.1 
50.6 
45.6 
45.8 
51.8 
48.8 

39.  7 
43.5 
48.0 
41.6 
44.2 
41.6 

45.7 
48.5 
48.0 
43.7 
46.8 
45.9 
40.4 
45.9 

52.6 
50.8 
47.0 
49.3 
49.2 
48.8 

5.1 
5.4 
7.9 
5.7 
7.6 
8.3 
7.8 
5.3 

7.7 
5.7 
5.0 
9.1 
6.6 
9.6 

54.7 
52.4 
52.9 
60.9 
49.5 
50.0 
56.5 
56.2 

51.0 
52.4 
58.  5 
50.3 
52.0 
49.1 

81  8 

Georgia.  _ 

81  9 

Iowa     

77.1 

Kentucky. 

83.9 
77  5 

Maryland. . 

74  7 

Minnesota. 

77.6 

Montana... 

80.4 
77  5 

North  Carolina 

80  5 

Ohio 

81  8 

South  Dakota 

76  4 

Texas... _ 

79  5 

Wisconsin 

27^836             32!  600 

74  4 

Total.. 

830,  022 

377,  283 

392,  537 

60,  202 

434, 393 

648.  470 

45.4 

47.3 

7.3 

52.3 

78  1 

Grand  total,  tables  13,  14, 
and  15 

23, 268, 080 

9, 146,  493 

11,161,525 

2, 960, 062 

10,918,400 

16,  728, 287 

39.3 

48.0 

12.7 

46.9 

71.9 

>  Aug.  6,  1938-Aug.  5,  1939. 


Aug.  20,  1938-Aug.  19,  1939. 


3  Nov.  19,  1938-Nov.  18,  1939. 
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Thus,  the  percentage  of  total  traffic  carried  during 
the  period  from  10  p.  m.  to  6  a.  m.  for  local  routes  is 
only  half  that  for  heavily  traveled  State  routes. 

The  percentages  of  the  total  daily  traffic  shown  in 
tables  13,  14,  and  15  indicate  that  the  8  a.  m.  to  4  p.  m. 
period  is  the  best  8-hour  period  from  the  standpoint  of 
uniformity  of  results  for  light-traffic  routes,  whether 
these  routes  be  State  highways  or  local  routes.  Records 
for  86  percent  of  the  local  routes  vary  less  than  5 
percent  from  the  average  during  that  8-hour  period,  as 
compared  with  81  percent  for  the  light-traffic  routes 
and  66  percent  for  the  heavy-traffic  routes  on  the 
State  highway  system. 

These  "reasonably  invariant"  ratios  provide  a  meas- 
ure of  the  accuracy  of  estimates  of  total  yearly  traffic 
volume  made  from  traffic  samples  taken  during  rela- 
tively short  periods  of  observation.  The  methods  of 
deriving  factors  and  their  application  have  previously 
been  discussed  in  PUBLIC  ROADS.3 

The  results  of  automatic  traffic  recorder  operations 
permit  an  analysis  of  the  trends  of  traffic  and,  as  the 
record  accumulates,  will  be  of  increasing  value  for  this 
purpose.  As  indicated  in  table  1,  in  1937  there  were 
199  recorders  in  operation.  However,  not  all  of  these 
were  operated  for  the  full  year.  While  the  record  is 
now  rather  short,  it  may  be  stated  that  over  this  period 
the  percentage  increases  in  traffic  at  all  stations  closely 
approximate  the  increase  in  gasoline  consumption. 

'  HUhwav  Traffic  Analysis  Methods  and  Results,  by  L.  E.  Peabody.    PUBLIC 
ROADS,  vol.  10,  No.  1,  March  1929. 


It  seems  likely  that  the  traffic  data  might  provide  a 
measure  of  business  activity,  both  in  general  and  for 
small  areas  or  regions.  The  fact  that  both  trucks  and 
passenger  cars  are  in  the  stream  of  traffic  means  that 
the  data  reflect  business  traffic  as  well  as  pleasure  or  rec- 
reational traffic.  And  since  from  80  to  85  percent  of  all 
trips  outside  city  limits  are  less  than  20  miles  in  length,8 
local  characteristics  must  be  well  represented  in  the 
data.  These  characteristics  are  essential  in  an  index  of 
regional  business  activity  and,  properly  weighted, 
should  combine  to  provide  equally  good  indices  of  na- 
tional business  activity. 

The  chief  value  of  knowing  the  trends  of  traffic  is 
their  usefulness  in  estimating  future  traffic.  When  it 
is  recalled  that  many  of  the  elements  of  the  highway 
have  a  long  life  and  that  some  of  them,  structures  such 
as  bridges  for  example,  frequently  require  large  ex- 
penditures, the  importance  of  an  estimate  of  future 
traffic  is  apparent. 

The  traffic  estimate  also  provides  a  basis  for  estimat- 
ing future  highway  income  and  thus  permits  the  setting 
up  of  a  rational  budget  for  highways.  The  more 
accurate  and  representative  the  traffic  trend,  the  more 
dependable  and  useful  will  be  future  plans  of  improve- 
ment. The  automatic  recorders  furnish  a  volume  of 
data  covering  a  wide-spread  area  that  are  more  ac- 
curate and  more  useful  in  trend  analysis  than  any 
previously  gathered. 

'  Preliminary  Results  of  Road-Use  Studies,  by  R.  H.  Paddock  and  R.  P.  Rodgcrs, 
PUBLIC  ROADS,  vol.  20.  No.  3,  May  1939. 
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STANDARDIZABLE  EQUIPMENT  FOR  EVAL- 
UATING ROAD  SURFACE  ROUGHNESS" 


BY  THE  DIVISION  OF  TESTS,  PUBLIC  ROADS  ADMINISTRATION 

Reported  by  JAMES   A.  BUCHANAN,  Engineer  of  Tests,  and  ARTHUR  L.  CATUDAL,  Assistant  Highway  Engineer 


ONE  ATTRIBUTE  of 
the  modern  pavemen  t 
in  which  the  riding- 
public  is  greatly  interested 
is  the  smoothness  of  the 
surface.  Because  of  this 
general  public  interest, 
great  care  is  taken  by  high- 
way engineers  to  construct 
and  to  maintain  surfaces 
that  are  as  smooth  as  pos- 
sible, from  the  standpoint 
of  riding  quality.  It  is 
only  natural,  therefore, 
that  those  interested  in  the 
building  and  maintenance 
of  highways  should  seek  to 
develop  tools  with  which 
to  measure  highway  sur- 
face smoothness  or  rough- 
ness. These  efforts  began 
many  years  ago  and  have 
continued  because  none  of 
the  devices  that  have  been 
developed  has  been  com- 
pletely satisfactory.  Ap- 
paratus for  indicating  road 
surface  roughness  falls  into 
one  or  the  other  of  two 
general  classes. 

The  first  class  comprises 
all  of  those  instruments 
which  produce,  to  some 
scale,  a  graphic  profile  along 
some  element  of  the  pavement  surface.  The  earliest 
devices  were  in  this  category;  and  the  forms  of  the 
apparatus  and  the  operating  procedures  varied  widely. 
In  some  instances,  both  in  this  country  and  abroad,  the 
reference  datum  for  the  profile  was  determined  by 
points  fixed  in  the  road  surface.  This  procedure  was 
very  slow  and  tedious  and  led  to  the  development  of 
what  might  be  termed  a  floating  datum,  one  that  was 
determined  by  a  wheel  suspension  of  some  sort,  2,  4,  8, 
16,  and  even  32  wheels  having  been  employed  in  the 
various  designs.  Usually,  the  profile  of  the  road  sur- 
face, with  respect  to  the  datum,  was  traced  on  a  ribbon 
of  paper  to  some  predetermined  ratio  of  horizontal 
scales.  These  profilometers,  as  they  were  called,  pro- 
vided certain  useful  information  as  to  the  uniformity 
of  the  surface  and  the  location  of  particularly  rough 
areas.  They  were,  however,  awkward  to  maneuver, 
the  data  were  difficult  to  analyze,  and  comparisons 
were  tedious.  Devices  of  this  class  were  never  very 
popular  and  their  use  has  been  quite  generally  aban- 
doned. 


Various  methods  have  been  employed  for  determin- 
ing the  smoothness  or  roughness  of  road  surfaces. 
This  report  discusses  these  methods  and  certain 
inherent  characteristics  that  have  precluded  their 
general  acceptance.  Equipment  is  described  that 
operates  on  the  principle  of  the  measurement  of 
the  vertical  movements  of  a  wheel  suspension  with 
respect  to  its  supported  frame.  In  earlier  applications 
of  this  principle  it  was  recognized  that  the  difficulties 
that  were  encountered  were  caused  by  the  use  of 
apparatus  that  made  use  of  the  motor  vehicle  and  its 
load  as  a  component  part.  This  led  to  an  investiga- 
tion of  the  use  of  a  special  vehicle  capable  of  standard- 
ization in  all  of  its  parts. 

The  new  equipment  is  in  the  form  of  a  single  wheel 
semitrailer,  attachable  to  any  towing  vehicle.  The 
vertical  movements  of  the  wheel  with  respect  to  the 
frame  are  measured  by  a  newly  designed,  overrunning 
clutch  integrator  with  improved  operating  character- 
istics. The  performance  of  the  apparatus  and  the 
recommended  standard  operating  procedure  are  given 
in  detail.  Many  hundred  miles  of  operation  without 
mechanical  failure  indicate  adequate  mechanical 
design.  The  device  is  simple  to  operate  and  the  data 
are  obtained  rapidly  with  it. 

It  is  believed  that  the  underlying  principle  as  a 
means  for  indicating  the  relative  roughness  of  road 
surfaces  is  sound  and  that  the  present  equipment  is 
superior  to  that  developed  earlier  in  two  important 
respects:  First,  the  use  of  a  special  vehicle  has  re- 
moved the  uncertainties  of  vehicle  operation  that  were 
always  present  when  an  automobile  was  a  component 
part  of  the  measuring  apparatus;  and  second,  the 
entire  equipment  is  so  designed  that  it  can  be  exactly 
duplicated  and,  to  this  extent,  the  equipment  is 
standardizable. 


<•  Paper  presented  at  the  Twentieth  Annual  Meeting  of  the  Highway  Research 
Board,  December  1940. 


VEHICLE  SPRING  DEFLECTION 
MEASURED  AS  INDEX  OF  ROAD 
SURFACE  ROUGHNESS 

The  other  class  of  in- 
strument made  use  of  the 
fact  that  irregularities  of 
surface  contour  cause  the 
wheels  of  motor  vehicles 
to  oscillate  vertically  with 
respect  to  the  vehicle 
chassis.  Since  this  motion 
is  permitted  by  vehicle 
spring  deflection,  engi- 
neers conceived  the  idea 
of  measuring  the  spring 
deflection  as  the  vehicle 
traversed  the  pavement 
and  of  using  the  recorded 
deflection  data,  as  a  meas- 
ure of  roa,d  surface  rough- 
ness. 

The  manner  in  which 
the  apparatus  functioned 
varied  rather  widely.  The 
recorded  data  were  gen- 
erally either  a  continuous 
graph  of  the  vehicle  spring 
deflection  or  a  numerical 
u  i  tig  ration  of  these  move- 
ments in  inches  of  deflec- 
tion per  mile  of  pavement 
length.  Devices  of  this 
class  have  been  given  a  num- 
ber of  different  names,  the 
descriptive  but  somewhat  inaccurate  title  of  "rough- 
ometer"  having  been  frequently  applied.  As  a  class 
they  have  been  rather  popular  because  they  were  easy 
to  use  and  comparative  data  could  be  obtained  quickly 
with  them;  but  also  as  a  class  they  have  had  one  important 
and  fundamental  deficiency  which  has  long  been  recog- 
nized— the  vehicle  to  which  thedeviceis  applied  becomes 
an  essential  part  of  the  roughness  indicating  apparatus. 
The  Public  Roads  Administration  has  been  interested 
in  the  problem  of  surface  roughness  measurement  for 
many  years  and  has  experimented  with  devices  of  both 
classes.  Various  types  of  profilometers  have  been 
studied  but,  except  for  special  uses  on  research  projects 
such  as  small  test  tracks,  there  has  been  no  recent 
development  work  on  this  class  of  instrument.1  In 
1926,  there  was  published  a  description  of  one  type  of 
instrument  of  the  second  class.-  Subsequently,  the 
possibilities  and  characteristics  of  this  particular  in- 
strument were  studied  by  means  of  field  and  labora- 

i  Two  instruments  of  the  profilometer  type  arc  described  in  Apparatus  Used  in 
ninhwav  Research  Projects  in  the  United  States.  Bulletin  of  the  Nat  ional  Research 
Council,  vol.  0,  part  4,  No.  3.1,  August  1923,  pp.  14-16. 

■"  An  Instrument  for  the  Measurement  of  Relative  Road  Roughness.  PUBLIC 
R.0  \I>S.  vol.  7,  No    7.  Sept.  1926. 
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Figure  1.— Variation  of    Cross  Calibration    Ratio  With 
Speed.     (Each  Value  Is  the  Average  of  4  Determinations.  ) 

tory  tests  in  which  all  of  the  various  factors  that 
affect  its  functioning  were  rather  thoroughly  explored. 
In  this  work  particular  attention  was  given  to  the 
intercomparison  of  the  data  obtained  with  various 
vehicles  equipped  with  the  integrator  units  and  to  the 
possibilities  of  calibration  tests  in  which  standardizable 
obstructions  were  placed  upon  a  normal  road  surface 
and  the  spring  deflections  caused  by  these  obstructions 
were  recorded. 

The  tests  were  extensive  and  the  data  obtained  were 
voluminous.  However,  it  is  neither  practicable  nor 
desirable  in  this  report  to  describe  in  detail  the  work 
that  was  done.  A  few  generalized  comparisons  will 
show  the  significance  of  the  results  of  the  study. 

When  two  cars  equipped  with  integrator  units  are 
driven  over  a  unit  length  of  a  given  road  at  a  given 
speed,  two  values  of  integrated  spring  deflection  are 
obtained.  The  relation  between  these  two  values  may 
be  expressed  as  a  ratio.  This  ratio  may  change  in  value 
with  car  speed,  and  the  manner  in  which  it  varies  will 
depend  upon  the  characteristics  of  the  particular  cars 
concerned.  The  variation  of  the  ratio  as  determined 
for  three  cars  and  five  car  speeds  over  one  road  surface 
is  shown  in  figure  1. 

Not  only  does  the  ratio  of  the  values  obtained  with 
two  cars  vary  with  the  vehicle  speed  at  which  the 
particular  comparison  is  made,  but  it  varies  also  with 
the  roughness  of  the  road  surface  used  for  the  compari- 
son. This  is  illustrated  by  the  data  in  figure  2.  To 
obtain  these  data  three  cars  closely  spaced  were  driven 
on  the  same  path  over  15  successive  miles  of  road  at  a 
constant  speed  of  25  miles  per  hour,  integrator  readings 
being  recorded  at  the  end  of  each  mile.  The  variables 
present  were  the  individual  vehicle  characteristics  and 
the  road  roughness  from  mile  to  mile.  It  is  apparent 
that  these  variables  singly  and  in  combination  can 
cause  rather  wide  fluctuations  in  the  value  of  the  cross 
calibration  ratio.  Other  data  bearing  upon  this  point 
are  shown  in  figure  3,  in  which  the  ratio  was  determined 
for  two  cars  operated  at  a  common  and  constant  speed 
over  roads  representing  a  wide  range  of  surface  rough- 
ness. In  this  figure  the  road  roughness  values  were 
those  indicated  bv  the  instrument  on  car  3. 
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need  for  standardizable  equipment  emphasized 

Tests  were  made  also  with  road  surfaces  whose 
natural  roughness  was  increased  by  placing  on  the 
surface  a  series  of  artificial  obstructions  of  fixed  dimen- 
sions, shape,  and  spacing.  These  tests  were  made  to 
determine  the  relation  between  the  constant  artificial 
roughness  and  the  effect  on  the  roughness  values  ob- 
tained for  three  different  vehicles  operated  at  the  several 
speeds  shown.  The  purpose  of  the  procedure  was  to 
obtain  values  for  the  road  surface  roughness  both  with 
and  without  the  artificial  obstructions  and,  by  subtrac- 
tion, to  obtain  values  attributable  to  the  obstructions 
alone.  The  data  shown  in  figure  4  are  typical  of  those 
obtained.  Each  graph  shows  the  range  in  the  values  of 
the  increase  in  roughness  created  by  a  series  of  10 
obstructions  placed  50  feet  apart  on  each  of  three  road 
surfaces  and  at  five  vehicle  speeds.  The  three  graphs 
show  this  relation  for  three  different  vehicles.  The 
tests  consistently  showed  that  the  indicated  roughness 
caused  by  the  artificial  obstructions  was  affected  by 
characteristics  of  the  car  and  by  the  roughness  of  the 
road  surface  on  which  the  obstructions  were  placed,  as 
well  as  by  the  speed  and  other  controllable  test  con- 
ditions. 

The  difficulties  encountered  were  recognized  as  being 
caused  by  the  use  of  apparatus  of  which  the  motor 
vehicle  and  its  load  are  a  component  part  and  this 
recognition  led  to  an  investigation  of  the  use  of  a  special 
vehicle,  capable  of  standardization  in  all  of  its  parts.3 

The  investigation  has  gone  forward  and  the  develop- 
ment of  a  standardized  vehicle  revealed  certain  weak- 
nesses in  the  integrator  unit  being  used,  with  the  result 
that  an  improved  integrator  has  also  been  developed. 
The  new  equipment  has  been  given  extensive  field 
performance  tests  and  its  characteristics  have  been 
carefully  studied.  It  is  with  the  design  and  perform- 
ance of  this  new  apparatus,  susceptible  of  exact  dupli- 
cation in  all  of  its  parts,  that  this  report  is  primarily 
concerned. 

The  design  of  the  standardizable  vehicle  for  evalu- 
ating road  roughness  is  quite  simple.4  It  consists  of  a 
rectangular  frame  within  which  is  a  single  wheel 
equipped  with  a  pneumatic  tire.  The  axle  of  this  wheel 
is  attached  to  the  center  of  two  single  leaf  springs,  one 
on  each  side  of  the  wheel.  The  ends  of  the  springs  are 
attached  to  the  front  and  rear  cross  members  of  the 


3  The  Dana  Automatic  Roughometer  for  Measuring  Highway  Roughness — dis- 
cussion by  L.  W.  Teller.  Proceedings  Highway  Research  Board,  12th  Annual 
Meeting  (1932). 

*  Plans  and  specifications  for  the  apparatus  will  soon  be  available  and  will  be  sent 
upon  request  to  anyone  wishing  to  construct  this  type  of  roughness  indicator. 
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rectangular  frame  through  hall  bearing  fixtures.  At 
the  front  of  the  frame  is  a  tongue  for  connection  with 
the  towing  vehicle.  Over  the  wheel  there  is  a  cross- 
frame  or  bridge  on  which  the  integrator  unit  is  mounted 
and  to  which  the  pistons  of  two  dash  pot  spring  damping 
devices  are  attached.  The  essential  elements  of  this 
single  wheel  trailer  unit  are  shown  schematically  in 
figure  5  and  its  general  appearance,  as  seen  from  the 
side,  in  figure  6. 

In  the  early  consideration  of  the  design  it  appeared 
reasonable  to  assume  that  the  chassis  or  frame  of  this 
vehicle  should  be  supported  on  standard  tire  equipment 
and  that  its  sprung  to  unsprung  weight  ratio  and  its 
spring  characteristics  should,  within  reasonable  limits, 
be  proportioned  in  accordance  with  automotive  practice. 
The  gross  weight  of  the  entire  apparatus  as  shown  in 
figure  6  is  740  pounds,  the  reaction  under  the  wheel 
being  580  pounds  and  that  at  the  towing  hitch  being 
160  pounds.     It  was  decided  that  the  chassis  would  be 


Figure  5. — Schematic  Drawing  of  the  Essential  Elements 
of  the  Trailer. 


[Figure  6.     Side  View  of  the  Trailer. 

most  convenient  to  handle  if  designed  as  a  semitrailer 
that  could  be  attached  to  any  available  vehicle. 
Finally,  it  was  decidedjthat'a  single  wheel  trailer  would 
be  more  likely  to  repeat  movements  of  its  wheel  with 
respect  to  its  frame  than  would  a  2-wheel  trailer,  because 
the  former  would  respond  to  the  contour  of  but  one  path. 

A  survey  of  the  equipment  in  use  at  the  time  of  the 
design  showed  that  the  5.50-17-inch  balloon  was  the 
size  in  most  widespread  use  on  the  then  current  models 
of  automobiles.  This  size  was  selected  since  there  was 
the  greatest  likelihood  of  its  being  available  as  a  stock 
item  of  manufacture  for  many  years  in  the  future. 
However,  during  the  development  period  it  became 
evident  that  a  tire  of  somewhat  greater  cross  section 
would  have  certain  advantages.  A  resurvey  of  possible 
sizes  was  made  and  the  G. 00-16-inch  4-ply  balloon  tire 
was  adopted.  This  is  the  size  now  in  use  and,  as  it 
still  is  one  of  the  most  popular,  it  probably  will  remain 
in  production  for  many  years. 

The  tire  is  mounted  on  a  standard  drop-center  rim 
attached  to  a  disk  wheel.  If  the  time  should  come  when 
this  disk  wheel  is  no  longer  commercially  available,  it 
would  be  relatively  simple  to  make  one  by  welding  a 
suitable  flat  disk  to  an  unmounted  rim.  The  hub  is 
turned  especially  for  this  vehicle  and  is  therefore  ex- 
actly duplicable.  The  hub  has  a  flange  for  the  attach- 
ment of  the  wheel  and  is  carried  on  the  shaft  by  a  pair 
of  adjustable  roller  bearings.  The  axle  or  shaft  is  made 
of  preheat-treated  chrome  molybdenum  steel  (S  A  E 
4140). 

damping  system  controls  spring  oscillation 

As  mentioned  previously,  the  frame  of  the  trailer  is 
supported  on  the  axle  by  a  pah  of  leaf  springs  placed 
longitudinally,  one  on  each  side  of  the  wheel.  These 
springs  are  pivoted  at  the  forward  end  and  shackled 
at  the  rear,  as  shown  in  figure  5.  In  the  early  work  with 
roughness  indicators  installed  on  automobiles,  one  of  the 
difficulties  encountered  was  the  lack  of  constancy  in  the 
spring  action  caused  by  variations  in  interleaf  friction 
in  the  springs  and  in  the  friction  of  the  spring  shackles. 
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In  designing  the  standardizable  vehicle,  therefore,  it  was 
decided  to  employ  single  leaf  springs  and  to  use  ball 
bearing  spring  mountings.  Standard  grease-seal  ball 
bearings  of  good  quality,  in  specially  designed  fittings, 
are  used. 

The  frame  is  constructed  of  standard  steel  channels 
and  may,  therefore,  be  exactly  duplicated.  It  is  rec- 
tangular in  plan  with  heavy  angle  corner  connections. 
The  wheel  is  located  centrally  in  the  frame  and  over  the 
wheel  is  the  steel  frame  or  bridge  that  carries  the  instru- 
ments and  provides  connections  for  the  damping  de- 
vices. At  the  forward  end  of  the  frame  a  pair  of  channel 
sections,  forged  to  form  a  Y-shaped  tongue,  is  attached 
to  the  frame.  The  towing  connection  is  provided  at 
the  end  of  this  tongue.  A  molded  lead  counterweight 
is  secured  to  the  forward  end  of  the  frame,  its  mass  and 
location  being  such  that  the  center  of  percussion  of  the 
entire  trailer,  when  suspended  from  the  towing  hitch 
as  a  pendulum,  is  in  the  plane  of  the  axle.  The  hitch 
to  the  towing  vehicle  maintains  the  trailer  in  an  upright 
position  but  provides  freedom  of  motion  by  means  of 
a  universal  or  gimbal  joint  device  that  can  be  attached 
to  any  towing  vehicle. 

Because  of  the  absence  of  friction  in  the  spring  sus- 
pension, there  naturally  was  a  marked  tendency  for 
the  spring-weight  system  of  the  trader  to  oscillate  in 
its  own  period  when  disturbed  and  some  damping 
system  to  control  this  was  necessary.  It  was  further 
necessary  that  the  damping  system  be  consistent  in  its 
action  under  all  conditions  of  temperature,  that  it  be 
exactly  reproducible,  and  that  it  be  as  simple  as  pos- 
sible. 

After  some  investigation  and  trial  of  existing  devices 
available  commercially,  it  was  decided  that  none  was 
likely  to  be  satisfactory  and  that  the  damping  require- 
ments for  this  particular  test  vehicle  would  best  Ik*, 
met  by  a  simple  dash  pot  arrangement  in  which  an 
appreciable  volume  of  low-viscosity  liquid  was  displaced 
through  fixed  ports.  The  liquid  could  not  be  corrosive 
or  subject  to  freezing,  and  its  viscosity  should  be 
affected  to  the  least  degree  possible  by  changes  in 
temperature,  evaporation,  or  chemical  change  such  as 
oxidation.  After  extensive  investigation,  a  satisfac- 
tory liquid  was  found,  it  being  a  mixture  of  a  light 
mineral  lubricating  oil  with  a  certain  proportion  of 
kerosene.  The  characteristics  of  this  liquid  will  be 
discussed  later. 

During  the  development  of  the  standardizable 
vehicle,  the  characteristics  of  the  relative-roughness 
indicator  2  were  being  carefully  studied  also.  It  wras 
found  that  improvement  was  desirable  in  four  important 
particulars,  which  weir 

1.  The  rack  and  pinion  mechanism  for  translating 
the  vertical  reciprocating  motion  of  the  vehicle,  axle 
into  the  oscillating  rotary  motion  that  actuated  the 
overrunning  clutch  was  a-  source,  of  error  through  lost 
motion. 

2.  There  was  a  measurable  amount  of  slippage  in  the 
three-ball  clutch  as  designed. 

3.  The  adjustment  of  the  friction  brake,  on  the  ball 
clutch  was  difficult  to  maintain  and  sometimes  caused 
uncertain  performance. 

4.  The  mechanical  counter  required  a  rather  long 
flexible  shaft  to  connect  the  counter  witli  the  ball- 
clutch  unit.  Not  only  was  such  a  mechanical  connec- 
tion poorly  suited  for  use  with  the  trailer  because  of  its 
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'CLOCK   SPRING        COMMUTATOR  BRUSH  AND  TERMINAL- 


_^-when   cable  is  drawn  down,  entire  internal 
mechanism  rotates-  on  the  upstroke  the 
clock  spring  rotates  the  cable  drum  and 
front  ball  clutch  only,  the   commutator 
being  held  fast   by  rear   ball  clutch. 

Figure  7. — Schematic  Section  of  Integrator  Elements. 

length  and  frictional  resistance,  but  it  was  incon- 
venient as  a  connection  between  vehicles  that  required 
separation. 

NEW  CLUTCH  DESIGNED  FOR  ROUGHNESS  INDICATOR 

In  order  to  overcome  the  deficiencies  just  enumerated, 
a  new  clutch  unit  was  designed.  It  consists  of  a  drum 
and  cable  connection  to  the  axle,  a  pair  of  opposed  ball 
clutches,  and  a  single  brush  and  commutator  for  oper- 
ating an  electrical  counter.  This  unit  is  shown 
schematically  in  figure  7. 

The  drum  and  cable  arrangement  was  substituted  for 
the  rack  and  pinion  in  order  to  eliminate  lost  motion. 
The  cable  selected  is  of  stainless  steel,  light  and  strong 
yet  very  flexible.  It  is  3-strand,  12  wires  to  the  strand, 
each  wire  being  0.005  inch  in  diameter.  It  is  rated  at 
175  pounds  breaking  strength,  is  a  type  used  for  deep- 
sea  fishing,  and  is  readily  obtainable.  The  lower  end 
is  fastened  to  the  axle  with  an  adjustable  connection. 
The  upper  end  is  wrapped  around  a  spiral  groove  on  a 
drum  on  the  integrating  unit  which  is  supported  by  the 
chassis.  The  pitch  circumference  of  the  groove  is  6.00 
inches  and  within  the  drum  is  a  clock  spring  that  main- 
tains a  continuous  and  practically  constant  tension  on 
the  cable. 

After  careful  study  the  principle  of  the  ball  clutch 
was  retained  but  significant  changes  in  the  design  were 
made.  The  early  design  had  three  balls  in  cylindrical 
tangential  races,  spring  pressed  against  an  annular  inner 
race.  The  parts  were  relatively  massive  for  the  work- 
ing radius  of  the  clutch  and  it  was  somewhat  difficult  to 
obtain  perfectly  formed  and  polished  races.  The  new 
clutch  has  a  plain  cylindrical  outer  race,  while  the  inner 
race  has  eight  steps  that  provide  the  wedge  planes  for 
eight  spring-pressed  steel  balls.  The  outer  race  is  1.4 
inches  in  diameter.  The.  eight  balls  are  !.s  inch  in 
diameter  and  they  operate  on  a  wedge  angle  of  15°. 

In  the  earlier  instrument  a  brake  was  provided  to 
keep  the  driven  part  of  the  clutch  element  from  follow- 
ing back  the  return  movement  of  the  driving  part. 
This  brake  consisted  of  a  wire  loop  held  under  tension 
against  a  grooved  drum.  The  adjustment  of  the  ten- 
sion could  be  critical;  if  too  loose  follow-back  would 
occur;  if  too  tight  clutch  slippage  would  result.     In  the 
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Figure  8. — Close-Up  View  of  the  Instrument  Board. 

new  design  the  brake  was  abandoned  and  a  second  ball 
clutch  identical  in  detail  but  reversed  as  to  rotation  was 
introduced,  effectively  locking  the  action  against  follow- 
back. 

In  order  to  record  the  progress  of  rotation  of  the 
driven  elementof  the  clutch  and  thus  integrate  the  spring 
deflections  that  had  occurred  at  any  desired  time,  a 
commutator  disk  was  built  into  the  new  instrument  to 
operate  electrically  the  remote  recording  unit.  This 
eliminated  the  long  chive  shaft  with  its  attendant  dis- 
advantages and  made  possible  a  simple  wired  connec- 
tion between  the  integrating  unit  on  the  trailer  and  the 
recording  instrument  in  the  towing  vehicle.  The  com- 
mutator is  fitted  with  six  equally  spaced  contacts  and  a 
single  brush.  Thus  one  revolution  of  the  commutator 
causes  six  closures  of  the  electrical  circuit  that  actuates 
the  counter.  Since  the  pitch  circle  of  the  cable  drum 
that  drives  the  commutator  is  6  inches  in  circumference, 
each  impulse  to  the  electrical  counter  marks  the  accumu- 
lation of  1  inch  in  the  vertical  movement  of  the  axle 
with  respect  to  the  trailer  frame 

The  new  instrument  is  entirely  enclosed  and  sealed 
against  dust  and  water.  The  internal  parts  are  lub- 
ricated at  assembly  and  screw-closed  oil  ports  are  pro- 
vided for  the  introduction  of  specific  quantities  of 
lubricants  during  service,  the  procedure  being  to  oil 
the  clutch  every  2,000  miles,  allowing  excess  oil  to 
drain  out.  Since  most  of  the  parts  are  lathe-turned, 
accurate  alinement  of  the  essential  elements  is  insured. 
Both  the  driving  and  driven  shafts  rotate  in  ball  heal- 
ings, the  outer  bearings  in  each  case  being  provided  with 
seals  on  their  outer  faces.  The  entire  unit  is  rugged 
and  compact,  being  about  the  size  of  a  large  drinking 
glass.  It  may  be  seen  in  the  photograph  taken  from 
the  rear  of  the  trailer  (cover  illustration)  at  the  right- 
hand  end  of  the  transverse  bridge  frame. 

Completing  the  equipment  is  the  instrument  board 
carried  in  tire  towing  vehicle.  On  it  are  mounted  the 
counter  that  records  the  road  roughness  units,  a  second 
counter  that  records  wheel  revolutions  of  the  trailer  as 
a  measure  of  distance  traveled,  a  switch  controlling 
both  counters,  and  a  stop  watch.  Since  this  instrument 
board  provides  a  convenient  place  for  data  sheets,  the 
operator  usually  holds  the  board  in  his  lap  and  sits  at 
any  point  of  vantage  in  the  towing  vehicle.  The  ap- 
pearance of  the  instrument  board  is  shown  in  figure  8. 
The  magnetic  counters  operate  on  6  volts  and  the 
storage  battery  of  the  towing  vehicle  is  a  convenient 


Figure  !).    -General  View  of  Trailer  and  Towing  Vehicle. 

source  of  power.  Weatherproof  extension  wire  and 
plug  connectors  are  used  throughout  and  a  circuit 
breaker  protects  the  system  against  overload. 

STUDIES  MADE  OF  VARIOUS  OPERATINGCHARAC  TERISTICS 

The  trailer  is  remarkably  stable  on  the  road  at  all 
speeds  used  in  testing.  It  has  good  maneuverability, 
both  in  backing  and  turning.  It  is  titled  with  approved 
side  and  rear  reflector  plates  and  a  combination  stop 
and  tail  light  controlled  by  the  corresponding  circuits 
in  the  towing  vehicle.  As  a  further  safeguard,  a  red 
warning  flag  may  be  carried  in  a  socket  at  the  rear. 
A  kit  of  emergency  Hares,  lamps,  and  warning  flags  is 
carried  in  the  towing  vehicle.  The  entire  equipment 
is  shown  in  figure  9. 

In  the  development  of  equipment  such  as  that  de- 
scribed, it  is  necessary  to  investigate  the  operating 
characteristics  as  affected  by  certain  constructional  de- 
tails and  by  the  conditions  under  which  the  equipment 
must  operate  in  the  field.  These  studies  included 
investigation  of  the  spring  damping  equipment,  the 
vehicle  springs,  tire-equipment  factors,  the  operating- 
speed,  effects  of  temperature,  and  the  number  of  obser- 
vations necessary  to  establish  satisfactory  data.  As  a 
result  it  is  possible  to  specify  the  apparatus  and  tech- 
nique that  will  give  a  high  degree  of  consistency  of 
performance. 

The  complete  investigation  of  the  influence  of  the 
tire  equipment  on  the  magnitude  of  the  roughness 
values  obtained  included  study  of  the  effect  of  tread 
design,  tread  wear,  and  inflation  pressure.  As  shown 
in  figure  10,  the  first  two  were  found  to  be  not  critical. 
Although  almost  any  6.00-16-inch,  4-ply  tire  will  serve, 
it  is  believed  preferable  to  use  an  all-rib  tread  design 
for  the  sake,  of  uniformity  and  to  replace  the  tire  before 
the  grooves  entirely  disappear  through  wear.  A  patched 
tire  or  one  that  has  become  otherwise  unbalanced 
should  not  be  used. 

The  inflation  pressure,  however,  is  important,  as 
shown  by  the  data  in  figure  11,  and  the  technique 
adopted  for  testing  requires  an  inflation  pressure  of 
30  ±0.5  pounds  per  square  inch,  it  has  been  found 
by  experience  that  after  the  trailer  has  been  run  for 
about  the  first  10  miles,  some  adjustment  of  the  pres- 
sure is  necessary  but  that  during  subsequent  running 
little  readjustment  is  ordinarily  required.  A  calibrated 
pressure  gage  of  the  Bourdon  tube  type,  with  suitable 
fittings,  is  recommended  for  the  measurement  of  air 
pressure  as  the  ordinary  commercial  tire  gages  are  not 
sufficiently  reliable.  A  small  air  pump  is  carried  in  the 
towing  vehicle. 

As  stated  previously,  it  is  essential  that  the  damping 
equipment  used  on  the  vehicle  springs  be  of  a  type  such 
that  temperature  changes  will  have  a  negligible  effect 
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Figure  10. — Effect  of  Tread  Wear  on  Roughness  Index. 
(Each  Value  for  Concrete  Represents  the  Average  of 
12  Tests;  for  Gravel  the  Average  of  6  Tests.) 
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Figure  11. — Effect  of  Tire  Inflation  on  Roughness  Index; 
Nominal  Speed  20  Miles  Per  Hour.  (Each  Value  Is  the 
Average  of  6  Tests.) 
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Figure  12. — A  Close-Up  View  of  One  of  the  Damping  Units 
and  the  Revolution  Counter  Contactor  on  the  Wheel 
Hub. 

on' the  clamping  action  and  also  be  designed  so  as  to 
be^exactly  duplicable.  The  principle  of  a  dash  pot 
displacing  a  relatively  large  volume  of  low  viscosity 
liquid  was  adopted  because  practical  tolerances  in  the 
dimensions  of  pistons  and  ports  and  the  viscosity  changes 
due| to  the  working  temperature  of  the  oil  are  less  critical 
for  such  a  design.  As  finally  developed,  the  damper  is 
a  simple  double-acting  dash  pot  with  a  piston  3  inches 
in  diameter.  In  the  head  of  the  piston  are  two  bypass 
ports  through  which  the  oil  flows.  The  ports  are  0.25 
inch  in  diameter  and  of  specified  length.  Surge  is 
effectively  suppressed  by  ported  baffle  plates.  The 
damper  is  connected  to  the  trailer  through  ball  thrust 
joints  and  each  piston  rod  is  protected  against  water 
and  dirt  by  a  collapsible  leather  sleeve.  The  close-up 
view  shown  in  figure  12  shows  the  appearance  of  the 
unit. 

The  influence  of  oil  viscosity  on  the  integrator  read- 
ings is  shown  by  the  data  in  figure  13.  They  were 
obtained  from  tests  with  three  fluids,  of  which  an 
S  A  E  20  lubricating  oil  was  the  heaviest.  Attention 
is  called  to  the  wide  range  in  roughnesses  covered  by 
the  data.  The  study  included  many  other  fluids  and 
from  the  data  it  was  concluded  that  if  one  could  be 
found  that  had  a  viscosit}'  that  would  remain  within 
the  limits  of  40  to  100  seconds  (Saybolt  Universal 
Viscosity)  for  the  temperature  range  encountered  in 
field  testing,  its  use  would  prevent  significant  changes 
in  the  integrator  readings  when  wide  changes  in  air 
temperature  occurred.  The  fluid  must  also  meet  other 
requirements   as  mentioned   earlier.     By   trial   it    was 
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Figure  13. — Effect  of  Oil  Viscosity  on  Roughness  Index; 
Tire  Inflation  30  Pounds  Per  Square  Inch,  Nominal 
Speed  20  Miles  Per  Hour.  (Each  Value  Is  the  Average 
of  5  Tests.) 

found  that  a  light  refrigeration  oil  mixed  with  an  equal 
volume  of  kerosene  satisfied  the  requirements.  Figure 
14  shows  the  relation  between  viscosity  and  temperature 
for  the  oil  blend  now  being  used  and  it  will  be  noted 
that  over  the  temperature  range  +20  to  +120°  F. 
the  viscosity  range  is  about  100  to  40  seconds  (Saybolt 
Universal  Viscosity). 

During  the  development  period  various  leaf  springs 
were  used,  all  obtained  commercially  with  specifications 
that  covered  the  dimensions  and  essential  properties. 
It  has  been  found  that  the  commercial  tolerances  on 
width  and  thicknesses  are  sufficiently  close  for  speci- 
fications for  springs  for  this  work.  While  some 
variation  in  the  load-deflection  rate  is  permissible,  it  is 
very  desirable  that  the  two  springs  selected  for  a  given 
installation  be  closely  matched  for  load  deflection 
characteristics.  The  springs  now  in  use  are  fabricated 
from  silicon  manganese  spring  stock  2}i  inches  wide  by 
l%2  inch  thick.  The  deflection  rate  is  approximately  100 
pounds  per  inch. 

TESTING  SPEED   OF  20  MILES  PER  HOUR  FOUND   MOST  SUITABLE 

The  speed  at  which  the  vehicle  is  operated  affects  the 
magnitude  of  the  integrated  spring  deflections  for  a 
given  road.  Therefore,  the  speed  at  which  the  equip- 
ment is  to  be  operated  must  be  carefully  selected  and 
closely  controlled.  In  selecting  the  speed  for  testing, 
the  following  conditions  were  considered: 

1.  The  speed  should  be  such  that  interference  with 
or  by  traffic  would  be  a  minimum. 

2.  The  speed  should  be  within  the  range  used  by 
general  traffic. 
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Figure  14. — Viscosity  Curve  for  the  50-50  Blend  of  Kero- 
sene and  Refrigeration  Oil  Used  in  the  Damping  Units. 
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Figure  15. — Effect  of  Speed  on  Roughness  Index;   Tire 
Inflation  30  Pounds  Per  Square  Inch. 

3.  The  speed  should  be  such  that  minor  variations 
will  not  affect  the  integrator  values  to  a  material  degree. 

4.  The  speed  should  be  slow  enough  to  permit  the 
operator  to  take  adequate  notes. 

Although  the  trailer  will  function  at  speeds  as  high 
as  60  miles  per  hour,  a  much  lower  speed  than  this  is 
necessary  to  meet  some  of  the  requirements  stated 
above.  On  the  basis  of  the  experience  and  data  thus 
far  available  a  testing  speed  of  20  miles  per  hour  appears 
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to  meet  these  requirements  best.  In  figure  15  are  shown 
the  relations  between  speed  of  the  trailer  and  the  mag- 
nitude of  the  roughness  index  for  a  number  of  typical 
road  surfaces  varying  in  type  and  degree  of  roughness. 

According  to  these  data,  a  variation  in  vehicle  speed 
of  ±y2  mile  per  hour  will  not  cause  material  variation 
in  the  roughness  index  at  the  20-mile  per  hour  speed. 
At  this  speed  many  miles  of  pavement  can  be  tested 
in  a  day. 

The  vehicle  speed  and  distances  can  be  determined 
from  the  towing-vehicle  speedometer  indications  but 
they  can  be  obtained  more  precisely  with  the  stop 
watch  and  revolution  counter  on  the  instrument  board. 
A  simple  switch  operated  by  a  cam  on  the  hub  of  the 
trailer  wheel  closes  the  circuit  of  the  second  magnetic 
counter  once  for  each  revolution  of  the  wheel.  From 
I  lie  counter,  distances  traveled  can  be  easily  determined 
and,  in  conjunction  with  elapsed  time  from  the  stop 
watch,  average  speeds  can  be  quickly  computed.  Also 
this  feature  enables  the  operator  to  test  any  desired 
lengths  of  pavement  without  roadside  markers,  to 
calibrate  the  towing-vehicle  speedometer,  and  to  check 
the  operation  of  the  towing  vehicle. 

It  may  be  noticed  that  the  effect  of  operating  speed, 
as  determined  with  this  standardizable  vehicle  and  shown 
in  figure  15,  is  somewhat  different  than  the  effect  found 
with  tin1  earlier  instrument  on  a  conventional  automo- 
bile (see  fig.  1 ).  This  is  to  be  expected  since  the  spring- 
weight  characteristics  of  the  trailer  differ  from  those  of 
I  he  automobile,  the  spring  action  is  different,  and  the 
character  of  the  damping  provided  in  the  trailer  is 
quite  unlike  that  in  the  automobile. 

The  influence  of  the  characteristics  of  the  towing 
vehicle  on  the  action  of  the  trailer  was  investigated  by 
duplicate  tests,  using  first  a  light  passenger  car  with  a 
109-inch  wheel  base,  and  second  a  ^-ton  panel  body 
truck  with  a  113-inch  wheel  base.  When  attached  to 
the  passenger  car  the  kingpin  of  the  trailer  was  33 
inches  Lack  of  the  rear  axle,  while  with  the  truck   this 


DISTANCE    FROM   EDGE    -    FEET 

Figure   17. — Variation  of  Roughness  Along  Various 
Elements  of  Two  Roads. 

distance  was  64  inches.  Test  data  obtained  on  six 
roads  that  covered  quite  a  wide  range  in  surface  rough- 
ness are  given  in  table  1.  It  is  evident  that  there  is  no 
significant  difference  in  the  roughness  indices  for  the 
various  roads  when  the  trailer  was  attached  to  these 
two  vehicles.  This  is  as  would  be  expected  from  the 
dynamics  of  the  trailer  design. 

Table  1. — Effect  of  type  of  towing  vehicle  on  roughness  index 


Type  of  road  surface 

Roughness  index  '  when 
towing  vehicle  was — 

Passenger  car 

Light  truck 

Concrete   _. 

In.  per  mile 
101 
119 
159 
214 
233 
289 

In.  per  mile 
100 

Bituminous 

120 

Concrete..  _  ... 

160 

Bituminous..  .  ..      ...  .     

21fi 

Do 

230 

Concrete        ...                                                 

289 

i  Each  value  is  the  average  of  5  tests  expressed  to  the  nearest  unit. 

When  operated  according  to  the  standardized  tech- 
nique that  has  been  described,  remarkable  repeatability 
is  obtained  for  a  given  track  or  path  on  a  given  road. 
In  figure  16  are  data  obtained  on  three  different  roads 
in  tests  in  which  five  measurements  per  day  were  made 
on  a  number  of  different  days.  For  roads  A  and  C  the 
total  period  covered  by  the  data  in  this  figure  is  8 
working  days  but  for  road  B  the  days  on  which  the 
repeat  measurements  were  made  were  spread  over  a 
period  of  about  4  months.  In  considering  the  matter 
of  consistency,  two  facts  should  be  kept  in  mind.  First, 
no  two  runs  would  follow  exactly  the  same  path  al- 
though the  attempt  was  made  to  do  so;  and  second,  a 
dispersion  of  one  point  may  be  caused  by  the  fact  that 
the  commutator  segments  of  the  integrator  might 
happen  to  be  either  in  or  out  of  the  circuit  at  the  instants 
of  closing  and  of  opening  the  main  control  switch  at  the 
lie^inning  and  end  of  the  test. 

Different  longitudinal  tracks  along  a  road  may  be 
different  in  roughness  as  is  shown  by  figure  17.  These 
data  were  obtained  in  tests  that  were  carried  out  to 
explore  this  particular  point.  It  is  interesting  to  note 
that  the  apparatus  functioned  with  a  precision  such 
that  differences  of  this  small  order  of  magnitude  could 
be  detected.  When  appreciable  differences  in  roughness 
exist  across  the  pavement,  a  fair  average  should  be 
obtained  by  making  a  number  of  tests  along  various 
longitudinal  elements  of  the  road  surface. 

(Continued  on  "page  2 43) 


SOME  IMPORTANT  CONSIDERATIONS  IN  THE 
DESIGN  AND  USE  OF  SOIL  PRESSURE  CELLS 

BY  THE  DIVISION  OF  TESTS,  PUBLIC  ROADS  ADMINISTRATION 

Reported  by  A.  C.  BENKELMAN,  Associate  Research  Specialist,  and  R.  J.  LANCASTER,  Assistant  Highway  Engineer 

THE  DESIGN  of  most  engineering  structures  must, 
of  necessity,  take  into  consideration  the  quality  and 
the  nature  of  the  support  offered  by  the  soil  on 
which  the  structure  is  to  rest.  Usually,  the  uniformity 
of  the  support  is  more  important  than  the  actual  unit- 
supporting  value,  although  both  are  of  interest.  Many 
and  varied  have  been  the  theories  proposed  and  the 
experiments  performed  in  attempting  to  evaluate  soil 
support;  and,  in  order  to  provide  experimental  data, 
soil  pressure  measuring  devices  of  numerous  types, 
sizes,  and  characteristics  have  been  designed  and  used. 

For  some  time  the  Pub- 
lic Roads  Administration 
has  been  studying  the 
problem  of  pressure  meas- 
urement in  soils  in  connec- 
tion with  its  possible  appli- 
cation to  the  development 
of  rational  methods  for 
designing  nonrigid  road 
surfaces.  As  a  part  of  this 
study  it  is  necessary  to 
investigate  the  accuracy, 
consistency,  and  other 
characteristics  of  some  of 
the  devices  that  have  been 
proposed  and  to  determine 
the  importance  of  some  of 
the  design  features  that 
affect  the  accuracy  with 
which  soil  pressures  can 
be  measured. 

This  report  describes 
certain  preliminary  or  exploratory  tests  in  which  the 
attempt  has  been  made  to  develop  information  con- 
cerning the  factors  that  affect  the  performance  of  one 
type  of  pressure-measuring  device,  the  pneumatic  cell 
developed  by  the  Public  Roads  Administration  many 
years  ago.1 

That  little  importance  has  been  attached  to  the 
external  features  of  design  of  soil  pressure  cells  is 
evident  from  even  a  casual  survey  of  the  literature  on 
the  subject.  Apparently,  the  over-all  size  of  such 
devices  has  been  governed  more  by  the  space  require- 
ments of  the  internal  pressure  measuring  element  than 
by  other  considerations.  Moreover,  in  some  cells  the 
pressure-receiving  face  is  separate  and  distinct  from 
the  side  walls  and  base  section;  in  others,  it  is  integral 
with  these  parts. 

The  data  presented  in  table  1  indicate  the  extent  to 
which  the  dimensional  and  structural  features  of  some 
of  the  more  recent  designs  for  soil  pressure  cells  vary. 
While  the  list  is  not  complete,  it  serves  to  indicate  that 
in  the  design  of  soil  pressure  cells  no  great  consideration 
has  been  given  to  the  possibility  that  the.  physical 
dimensions  might  seriously  affect  the  accuracy  with 
which  they  would  indicate  soil  pressure. 


Soil  pressure  cells  have  been  used  for  many  years  in 
studying  the  problem  of  road  subgrade  support  and 
pressure  distribution.  The  results  obtained  in  some 
cases  have  been  such  as  to  cast  serious  reflection  upon 
the  accuracy  of  the  pressure-measuring  devices  used. 

This  report  describes  an  exploratory  series  of  tests 
that  concern  the  performance  characteristics  of  the 
pneumatic  pressure  cell,  one  of  the  more  common 
types  of  soil  pressure  measuring  devices.  The  tests 
serve  to  emphasize  the  fact  that  if  a  pressure  cell  is 
rigid  and  the  soil  in  which  it  is  placed  is  compressible, 
the  accuracy  of  the  pressure  indication  will  depend  upon 
the  physical  dimensions  of  the  cell  as  well  as  upon  the 
relation  between  the  size  of  the  pressure-sensitive  area 
and  the  size  of  the  total  facial  area  exposed  to  pressure. 

The  investigation  suggests  the  possibility  of  so  de- 
signing the  cell  that  the  error  in  pressure  intensity 
indication  caused  by  cell  thickness  can  be  compen- 
sated for  by  suitably  proportioning  the  active  and  in- 
active areas  of  the  cell  face. 


EXTERNAL  DESIGN  FEATURES  OF  PRESSURE  CELLS  IMPORTANT 

It  is  only  reasonable  to  expect  that  the  introduction 
into  a  soil  mass  of  assumed  homogeneity  of  a  foreign 
object  having  radically  different  elastic  properties  will 
disturb  the  distribution  of  pressure  in  the  vicinity  of 
the  object.  It  is,  therefore,  rather  surprising  that  so 
little  attention  has  been  paid  to  this  point  in  the  design 
of  pressure-measuring  equipment. 

Kogler  and  Scheidig2  first  called  attention  to  the 
difficulties  id'  measuring  soil  pressures  accurately  with  a 

pressure  cell.  They  point- 
ed out  that  a  cell  more 
rigid  than  the  soil  would 
indicate  pressures  greater 
than  those  present  in  the 
soil  and,  conversely,  a  cell 
more  compressible  than  the 
soil  would  give  pressures 
less  than  those  in  the  soil. 
This  fact  was  also  recently 
recognized  by  Goldbeck.3 
There  can  be  little  question 
as  to  the  correctness  of  this 
reasoning  and  the  natural 
inference  is  that  if  a  device 
is  to  indicate  true  soil  pres- 
sure, it  must  possess  in  itself 
the  same  elastic  properties 
as  those  of  the  surrounding 
soil.  In  other  words  it  must 
deform  in  all  directions  to 
the  same  extent  as  the  soil. 


"  Paper  presented  at  the  Twentieth  Annual  Meeting  of  the  Highway  Research 
Board,  December  1940. 

'An  Apparatus  fur  Determining  Soil  Pressures,  by  A.  T.  Goldbeck  and  E.  B. 
Smith.    Proceedings,  American  Society  for  Testing  Materials,  1916. 


Table  1. —  Variations  in  il 

intensions 

of  various  soil  pressure  cells 

Type  of  cell 

Thickness 

Diameter 

Rim  width  (inches) 

Pneumatic1 

Inches 

1.25 

2.  67 

25 

.  62 

8  50 

Inches 

5.  .r.i  I 

5.  52 

.  50 

4.00 

S    (III 

1  0. 

Vibrating  wire  !      -  . 

Vbout  '  i. 

Carbon  disks  3 

Rubber  diaphragm  5  

Dynamometer6       

Thin  bakelite  ring.' 
0.25. 

Proceedings,  Highway  He- 
Canadian 


1  A.  T.  Goldbeck,  Measurement  of  Earth  Pressure 
search  Board,  vol.  18,  1938.  part  II. 

'I.  F.  Morrison  and  W.  E.  Cornish,  Measurement  of  Earth  Pressure 
Journal  of  Research,  vol.  17.  sec.  A. 

3  M.  G.  Spangler,  Wheel  Load  Stress  Distribution  Beneath  Flexible  Type  Pave- 
ments. Proceedings  Conference  on  Soil  Mechanics  and  Its  Application,  Purdue 
University,  July  1910. 

1  Thickness  somewhat  less  than  that  of  measuring  element. 

5F.  Kogler  and  A.  Scheidig,  Druckverteilung  im  Baugrunde,  Die  Bautechnik, 
No.  29,  July  1,  1927. 

*  W.  H.  Evans,  Dynamometer  for  Measuring  Earth  Pressures.  Engineering, 
vol.  149,  No.  3876,  April  1940. 

With  the  possible  exception  of  the  rubber  diaphragm 
cell,  the  cells  listed  in  table  1  arc  essentially  rigid  in 
character.  This  means  that  the  pressure  indicated 
by  them  is  apt  to  exceed  the  true  pressure  in  the  soil 
in  which  they  are  installed.  The  extent  to  which  the 
indicated  pressure  might  deviate  from  the  true  pressure 
probably  would  vary  as  some  function  of  the  thickness 
or  of  the  cross-sectional  area  of  the  cell. 


2  Druckverteilung  im  Baugrunde,  F.  Kogler  and  A.  Scheidig.  Die  Bautechnik, 
No.  31,  July  15,  1927 

■>  Studies  of  Subgrade  Pressures  under  Flexible  Road  Surfaces.  Proceedings, 
Highway  Research  Hoard,  vol    19,  1939. 
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STANDARD  CELL 


CELL  NO  2 


CELL  NO. 3 


CELL  NO  5 


CELL  NO  7 


Figure   1. — Pneumatic  Soil  Pressure  Cells  and  Attachable 
Sections. 

In  connection  with  this  aspect  of  the  problem,  it 
is  of  interest  to  speculate  upon  just  what  sort  of  forces 
arc  imposed  upon  a  rigid-type  pressure  cell  when  it  is 
embedded  in  a  compressible  soil.  It  seems  probable 
I  hat  they  are  analogous  to  those  that  resist  the  pene- 
tration of  a  rigid  bearing  block  into  the  soil.  It  has 
been  found  that  the  pressure  existing  over  the  plane  of 
contact  between  a.  bearing  block  and  the  supporting 
soil  is  not  of  uniform  intensity.  In  the  case  of  cohesive 
soils,  the  intensity  is  greater  near  the  edges  of  the  area 
of  contact  and  in  the  case  of  granular  soils  it  is  greater 
in  the  interior  portion  of  the  area.  This  explains  the 
observed  fact  that  the  resistance  offered  to  the  pene- 
tration of  a  circular  bearing  block  into  a  cohesive  soil 
varies  inversely  as  the  diameter  of  the  area  while,  for 
a  granular  soil,  it  varies  more  or  less  direcily  as  the 
diameter  of  the  area. 

Thus,  if  it  is  assumed  that  the  forces  imposed  upon  a 
pressure  cell  are  essentially  the  same  as  those  resisting 
the  penetration  of  a  body  into  the  soil,  it  would  be 
expected  that  (lie  pressure  indicated  by  cells  of  different 
size  would  vary  with  the  area  and  would  be  different  for 
cohesive  and  granular  materials. 

In  this  discussion  it  has  been  assumed  that  the  cell  is 
of  tangible  thickness  and  that  the  pressure-receiving  face- 
is  not  encompassed  by  a  rim  section.     It  seems  reason- 


Figure  2. — Test  Set-Up  For  Studying  Effect  of  Width  of 
Rim  of  Pressure  Cell  When  Supported  by  Rubber 
Cushions. 

able  that  the  presence  of  a  rim  around  the  pressure- 
responsive  area  would  disturb  the  pressure-area  rela- 
tionships because  it  would  tend  to  alter  the  distribution 
of  pressure  on  the  central  area. 

Another  point  to  be  considered  when  cells  with  a  rim 
around  the  pressure  face  are  being  used  is  that  difficulty 
may  be  experienced  in  seating  the  cell  upon  the  soil  in 
such  a  manner  that  the  same  intimacy  of  contact  exists 
over  both  the  rim  and  the  pressure-sensitve  face.  If 
uniform  bearing  on  the  two  sections  is  not  obtained,  the 
indicated  pressure  might  be  considerably  in  error. 

5  PNEUMATIC-TYPE  PRESSURE  CELLS  STUDIED 

In  planning  these  exploratory  tests,  consideration  was 
given  to  the  several  points  mentioned  in  the  above  dis- 
cussion. Pressure  cells  of  the  pneumatic  type  developed 
by  the  Public  Roads  Administration,  but  modified  with 
the  detachable  rim  and  piston  sections  as  shown  in 
figure  1,  were  used  in  the  study.  Detachable  pistons, 
not  shown  in  figure  1,  were  also  used  on  cell  No.  7.  In 
all  cases  the  diameter  of  the  pistons  was  the  same  as 
that  of  the  pressure-sensitive  area,  referred  to  in  the 
text  and  tables  that  follow.  The  important  dimensional 
features  of  these  cells  are  given  in  table  2. 


Table  2.- 


-Dimensions  of  pneumatic-type  soil  pressure  cells  used 
in  study 


Tell 

Pressure-sensitive  area 

Cumulative  width  of 
attachable  rim  section 

Diameter 

Perimeter- 
area  ratio 

1 

2 

3 

l 

Inches 

3.57 
1.00 
1.50 
3.57 
5.05 

Inches 
1.  12 
4.00 
2.67 
1.  12 
.7!) 

Inch 

Inch 

Inch 

Inch 

No.  3 

0.25 
.25 
.16 

0.50 

.50 

.41 

0.75 
.75 
.66 

1.00 

No.  2                      

1.00 

No.  5  ..        

.97 

No.  7 

It  will  be  noted  that  the  diameter  of  the  pressure- 
sensitive  areas  varied  from  1  to  5.05  inches  and  the 
perimeter-area  ratios  from  4.0  to  0.79.  The  construc- 
tion made  it  possible  to  study  the  performance  of 
these  cells  in  a  number  of  different  ways.  For  example, 
they  could  be  placed  face  down  on  a  soil,  or  any  other 
plastic  material,  and  loaded;  or  they  could  be  installed 
in  a  container  that  could  be  filled  subsequently  with 
a  soil  and  loaded  in  any  manner  desired.  In  tests  of 
the  fust  type,  the  effect  of  variations  in  the  width  of 
the  rim  section  was  studied.  In  tests  of  the  second 
type   the   cells   proper   were   set   flush   with   the   base 
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Figure  3. — Results  of  Pressure  Cell  Tests  on  Soil  in  the 

Field. 

section  of  a  cylindrically  shaped  soil  container  and, 
by  means  of  the  attachable  parts,  studies  were  made 
of  the  effect  of  thickness  and  facial  area  of  the  cells  as 
well  as  of  the  effect  of  variations  in  the  width  of  rim. 
In  these  latter  tests  the  type  and  condition  of  the  soil 
through  which  load  was  transmitted  to  the  cells  could 
be  varied  as  desired. 

The  first  series  of  tests  concerned  the  performance  of 
cells  2,  3,  and  5  when  placed  face  down  upon  rubber 
cushions  and  loaded  individually  as  shown  in  figure  2. 
Two  types  of  rubber  mats  were  used:  Ordinary  soft 
sponge  mats,  %  inch  thick,  and  firm  fabric-reinforced 
mats  about  %  inch  thick.  In  the  test  a  load  was 
applied  to  each  of  the  cells  in  suitable  increments  and 
the  indicated  pressures  were  noted,  first  with  only  the 
piston  extensions  bearing  on  the  test  materials,  and 
second  with  the  several  rim  extensions  added  one  at 
a  time. 

The  difference  in  performance  of  the  cells  when  in 
contact  with  the  two  grades  of  supporting  material  was 
striking.  In  the  case  of  the  soft,  yielding  sponge  rubber, 
the  pressure  intensity  indicated  by  the  cells  was  always 
equal  to  that  computed  for  the  load  and  the  contact 
area  in  question.  This  was  true  regardless  of  the  width 
of  the  rim  around  the  pressure-recording  piston.  In 
other  words,  the  pressure  intensity  over  the  contact 
plane  remained  uniform. 

When  the  firm  fabric  mat  material  was  employed  an 
entirely  different  condition  resulted.  With  this  ma- 
terial difficulty  was  experienced  in  obtaining  the  same 
intimacy  of  contact  beneath  the  central  piston  and  the 
surrounding  rim  sections  before  the  load  was  applied 
to  the  cells.  This  meant  that  in  one  instance  more  of 
the  load  was  transmitted  to  the  test  material  through 
the  piston  section;  in  another  more  through  the  rim 
section.     This  difficulty  made  it  impossible  to  develop 
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Figure  4. — Results  of  Pressure  Cell  Tests  on  Son,  in  the 

Field. 

definite  information  regarding  pressure  distribution 
between  such  a  material  and  the  pressure  cells  when 
their  size  and  run  width  was  changed.  In  contrast,  the 
sponge  rubber  behaved  much  like  a  fluid  or  semifluid 
medium  and  slight  differences  in  the  relative  elevation 
of  the  piston  and  run  section  apparently  did  not 
affect  the  pressure  intensity  indications. 

Another  factor  entering  into  such  tests  concerns  the 
manner  in  which  pressures  are  measured  with  the 
pneumatic  type  of  cell.  The  piston  or  weighing  face  is 
subject  to  some  outward  movement  when  the  cell  is 
expanded  and  a  pressure  balance  is  obtained.  If  the 
material  supporting  the  rim-piston  face  is  strictly  non- 
yielding  in  character,  this  movement,  even  though  in- 
finitely small,  would  tend  to  shift  all  the  load  to  the 
weighing  face.  Goldbeck,1  in  a  series  of  special  tests 
made  with  damp  sand  soil,  found  that  the  error  due  to 
this  movement  was  extremely  small.  However,  it  is 
believed  that  the  magnitude  of  the  error  would  be 
dependent  upon  the  stiffness  or  deformation  modulus 
of  the  material  in  question. 

RIM-TYPE  PRESSURE  CELLS  MUST  BE  CAREFULLY  INSTALLED 

Data  showing  the  effect  of  variations  in  the  seating 
on  various  soils  of  a  cell,  with  its  pressure  rim  face  down, 
are  shown  in  figures  3,  4,  5,  and  6.  The  curves  in  figure 
3  show  pressures  that  were  recorded  in  a  test  in  which 
two  of  the  standard  cells  (fig.  1)  were  placed  face  down 
in  different  ways  upon  different  soils  and  loaded  with 
dead  weights  as  shown. 

When  the  two  cells  were  placed  directly  upon  a 
smooth,  flat  surface  of  firm  loam  soil  in  the  field,  the 
relation  between  applied  and  indicated  pressures  va- 
ried widely.  With  an  applied  unit  load  of  20  pounds 
per  square  inch,  the  pressure  intensity  indicated  by  cell 
A  was  about  12  pounds  per  square  inch  and  by  cell 
B  about  33  pounds  per  square  inch.  Apparently,  in 
the  case  of  cell  A,  a  greater  percentage  of  the  applied 
load  was  transmitted  through  the  rim  section  and  less 


■An  Apparatus  for  Determining  Soil  Pressures,  by  A.  T.  Goldbeck  and  E.  IS. 
Smith.    Proceedings,  American  Society  for  Testing  Materials,  1916. 
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Figure  5. — Performance  of  Standard  Cells  When  Placed 
In  and  Beneath  Rigid  Bearing  Blocks. 

through  the  pressure-sensitive  area  than  in  the  case  of 
cell  B.  In  an  attempt  to  improve  the  degree  of  uni- 
formity of  contact  between  the  cells  and  soil,  an 
intermediate  thin  layer  of  the  moist  soil  fines  was 
introduced  and  this  resulted  in  some  improvement, 
cell  A  indicating  a  pressure  of  18  pounds  per  square 
inch  (for  a  unit  load  of  20  pounds  per  square  inch),  cell 
B  showing  no  appreciable  change. 

In  another  test,  the  same  two  cells  were  placed  on  an 
extremely  moist,  plastic  loam  soil,  and  the  pressures 
indicated  by  the  two  cells  were  in  close  agreement  al- 
though about  20  percent  less  than  the  calculated  pres- 
sure intensity.  In  this  test,  it  appears  that  there  was  a 
concentration  of  pressure  near  the  perimeter  or  upon 
the  rim  section  of  the  cells. 

The  data  shown  in  figure  4  were  obtained  in  another 
test  designed  to  show  the  effect  of  variations  in  the 
seating  of  pressure  cells  of  the  rim  type  on  a  soil.  Eight 
of  the  standard  cells  were  placed  reasonably  close  to- 
gether on  a  thin  bed  of  the  moist  soil  fines  laid  over  a 
uniform  soil  formation  and  loaded  in  the  manner  indi- 
cated. As  the  data  in  figure  4  show,  the  indicated 
pressures  varied  considerably  between  cells. 

The  data  in  figures  5  and  6  further  emphasize  the 
fact  that  when  a  group  of  pressure  cells  having  rims 
are  placed  face  down  on  a  soil  and  loaded  equally,  there 
is  ;i  |>t  to  be  considerable  dispersion  in  the  pressure  values 
indicated  by  the  various  cells  in  the  group.  In  the 
test  referred  to  as  series  A  in  figure 5  four  identical  cells 
were  spaced  symmetrically  around  a  central  cell,  then 
a  bearing  block  18.75  inches  in  diameter  was  cast 
centrally  over  the  group,  i.  e.,  the  cells  proper  became 
an  integral  part  of  the  bearing  block.  Series  B  tests 
referred  to  in  the  same  figure  differed  from  scries  A  in 
the  one,  important  respect  that  the  cells  were  set  into 
the  soil  rather  than  cast  in  the  bearing  block.  The 
bearing  blocks  in  each  series  were  loaded  in  the  manner 
illustrated.  The  data,  obtained  in  these  tests  likewise 
show  an  extremely  wide  dispersion  in  the  pressure  val- 
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Figure  6. — Results  Obtained  by  Testing  Cells  Beneath 
Rigid  Bearing  Blocks. 

ues  indicated  by  the  individual  cells.  The  average 
indicated  pressure  for  a  given  load  is  somewhat  greater 
in  series  B  than  in  the  series  A  tests.  This  would 
indicate  that  the  soil  around  and  between  the  cells  did 
not  transmit  its  proportionate  part  of  the  load.  This 
point  was  given  further  study  in  later  tests. 

The  possibility  that  much  of  the  dispersion  in  pres- 
sure values  indicated  by  different  cells  when  tested  in 
the  same  manner  was  caused  by  lack  of  uniformity  in 
seating  them  on  the  soil  was  investigated  in  another 
group  of  tests,  the  results  of  which  arc  shown  in  figure  6. 
In  the  series  A  tests  referred  to  in  this  figure,  cells  with 
the  rims  eliminated  (cell  7,  fig.  1)  were  installed  beneath 
the  bearing  block.  It  is  to  be  expected  that  there 
should  be  less  difficulty  in  properly  seating  cells  without 
rims  and,  in  general,  the  data  indicate  this  to  be  the 
case.  With  the  exception  of  data  from  one  of  the  outer 
cells,  the  values  for  the  various  cells  are  reasonably 
close  together,  in  contrast  to  those  of  series  B,  in  which 
the  standard  rim-type  cells  were  again  used,  and  in 
which  the  individual  pressure  values  arc  scattered  to 
about  the  same  degree  as  in  the  earlier  tests.  The  fact 
that  the  average  pressure  indicated  by  the  cells  in  the 
series  A  tests  is  higher  than  that  in  series  B  is  probably 
due  to  the  greater  cell  thickness.  Other  tests  were 
made  to  investigate  this  matter  more  fully. 

RIGID  PRESSURE  CELLS  MAY  DISTURB  THE  CONTINUITY  OF 
STRESSES 

The  tests  thus  far  described  clearly  indicate  that 
considerable  trouble  may  be  expected  in  so  seating  a 
pressure  cell  of  the  rim  type  on  a  soil  that  the  same 
initial  intimacy  of  contact  obtains  beneath  the  rim  and 
pressure-recording  area.  This  appears  to  be  true  even 
though  the.  cell  is  bedded  on  a  thin  intermediate  layer 
of  moist  soil  fines.  Thus,  where  it  is  necessary  to  place 
the  cell  on  a  soil  such  as,  for  example,  a  prepared  section 
of  road  subgrade,  rather  than  place  the  soil  upon  the 
cell  as  in  a  fill,  the  presence  of  a  rim  might  cause  ap- 
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-Plan   of  Loading  Set-Up  for   Soil   Container 
Tests. 


preciable  errors  in  the  pressure  indications. 

Also,  the  presence  of  a  rim  might  affecl  m  another 
way  the  accuracy  with  which  the  cell  will  indicate 
pressure  because  the  soil  when  loaded  will  tend  to  flow 
around  the  foreign  object  and,  under  these  circum- 
stances, the  pressure  intensity  on  the  object  would  not 
be  uniform  from  edge  to  center.  If  such  soil  movement 
tends  to  form  a  concentration  of  pressure  around  the 
perimeter  of  the  object,  the  presence  of  a  rim  on  the 
pressure  cell  should  serve  to  reduce  correspondingly  the 
pressure  intensity  that  is  indicated  by  the  cell,  and  this 
indicated  pressure  intensity  will  be  less  than  the 
average  applied  over  the  entire  face  of  the  cell.  If,  on 
the  other  hand,  there  is  a  concentration  of  pressure  in 
the  central  area  of  the  cell  face,  as  might  occur  with 
granular  material,  the  pressure,  intensity  indicated  by 
the  cell  may  be  higher  than  the  average  for  the  entire 
cell  face. 

Earlier  in  the  report  mention  was  made,  of  certain 
tests  in  which  the  pressure  cells  were  installed  in  a 
container  that  was  later  filled  with  soil  to  which  load 
was  applied.  These  tests  were  designed  primarily  to 
develop  information  concerning  the  effect  on  pressure 
indication  of  some  of  the  factors  just  discussed.  Figure 
7  shows  how  the  equipment  was  arranged  on  the  table 
extension  of  the  testing  machine  that  was  used  to  apply 
known  forces  on  the  soil  surface. 

The  soil  container  consisted  of  a  steel  hoop  or  cylinder 
30  inches  in  diameter  and  8  inches  high  placed  on  a 
concrete  base  which,  in  turn,  was  supported  on  the 
table  of  the  testing  machine.  The  cells  were  arranged 
in  the  bottom  of  the  container  in  the  pattern  shown  in 
figure  8.  Loads  were  applied  to  the  soil  with  a  con- 
crete bearing  block  that  covered  the  soil  surface.  Three 
soils  varying  in  character  from  a  heavy  plastic  moist 
clay  to  a  cohesionless  diy  sand  were  used  in  the  study. 
The  gradings  and  soil  constants  of  the  materials  are 
listed  in  table  3.  The  loam  soil  was  used  both  in  a  dry 
and  in  a  moist  condition. 

It  is  recognized  that  in  these  tests  with  the  container, 
the  soil  through  which  the  pressure  was  transmitted  to 
the  cells  was  restrained  from  lateral  movement  and 
was  thus  forced  to  behave  somewhat  differently  than 
it  would  under  normal  field  conditions. 

The  test  procedure  was  briefly  as  follows:  With  the 
pressure-sensitive  area  of  the  cells  flush  with  the  surface 
of  the  base  section,  the  container  was,  as  a  general  rule, 
filled  twice  in  succession  with  each  of  the  four  soils; 
the  load  was  applied  to  the  bearing  block  in  suitable 
increments  and  the  indicated  pressures  were  recorded. 
Then,  to  cells  2,  3,  5,  and  7  the  %-inch  piston  extensions 
were  attached  and  the  tests  repeated.     This  was  fol- 


Figure  8.— Lay-out  ok  Cells  in  the  Test  Container. 

lowed  by  similar  tests  in  which  the  rim  or  ring  sections 
were  added  one  at  a  time  to  cells  2,  3,  and  5. 

Throughout  these  tests  the  pressure-sensitive  face  of 
standard  cells  1,  4,  G,  and  S  remained  flush  with  the 
base  of  the  container.  In  the  case  of  cell  7  the  %-inch- 
thick  piston  extension  was  left  in  place. 

Table  3. — Gradings  and  soil  constants  of  materials  listed 

MECHANICAL  ANALYSIS 


Particles 

larger 

than 

2.0  mm. 

Particles  smaller  than  2  mm.  (percent  by  weight) 

Material 

Coarse 

sand, 

2  11  In 

0.25  mm. 

Fine 

sand. 

0.25  to 

0.05  mm. 

Sill, 
0.05  to 

nun;, 
mm. 

Clay. 
smaller 

than 

15 

mm. 

2 
21 
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Colloids, 
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Sand 
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PHYSICAL  TEST  CONSTANTS  OF  MATERIAL  PASSING  NO.  40  SIEVE 


Liquid 
limit 

21 

78 

Plas- 
ticity 
index 

Shrinkage 

Moisture  equivalent 

Material 

Limil 

Ratio 

i  'entrifuge 

18 
43 

Field 

Loam .  ^ . 

Clay 

6 

51 

15 
15 

1.9 
1.9 

18 
29 

The  moisture  contents  of  the  damp  loam  and  moist- 
clay  soil  were  held  practically  constant  throughout  the 
tests,  being  about  15  and  30  percent,  respectively. 
With  the  exception  of  the  moist  clay,  which  was  hand 
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tamped  in  place  in  order  to  eliminate  large  void  spaces 
in  the  final  specimen,  the  soils  were  placed  in  the  con- 
tainer without  artificial  compaction.  After  test,  the 
compacted  specimens  of  the  moist  and  dry  loam  soil 
were  broken  up  by  screening  through  a  %-inch  mesh 
sieve  preparatory  to  being  used  over  again. 

With  this  method  of  test  the  effect  of  size  of  the  pres- 
sure-recording device,  both  with  and  without  en- 
compassing rim  sections,  could  be  studied.  In  contrast 
to  the  tests  described  earlier  in  the  report,  the  use  of 
the  container  permitted  the  soil  to  be  placed  or  molded 
against  the  pressure-sensitive  face  of  the  cells.  Thus 
the  possibility  of  nonuniform  intimacy  of  contact  be- 
tween pressure  and  rim  sections  was  removed. 

When  these  tests  were  planned  it  was  thought  that 
the  intensity  of  the  pressure  transmitted  through  the 
soil  to  the  base  section,  at  points  radially  equidistant 
from  the  center  of  the  container,  would  be  uniform  or  at 
least  would  not  vary  to  such  an  extent  that  the  per- 
formance of  one  cell  could  not  be  compared  directly 
with  another.  However,  it  was  found  that  when  the 
cells  were  installed  flush  with  the  base,  differences  of 
appreciable  magnitude  existed  in  the  pressures  in- 
dicated by  the  various  cells.  The  data  obtained  in  the 
tests  with  the  cell  faces  flush  with  the  base  are  given  in 
figure  9.  Although  it  was  noted  that  the  differences 
were  greatest  between  cells  of  different  size  and  that 
they  were  less  when  plastic  soil  was  used  than  they 
were  when  granular  types  of  material  were  employed, 
still  no  relations  could  be  developed  that  would  permit 
the  direct  comparison  of  the  several  individual  cells. 

It  was  decided,  therefore,  to  use  the  data  obtained 
with  each  cell  in  these  tests  as  a  basis  of  comparison 
with  data  obtained  with  the  same  cell  in  future  tests  in 
which  the  individual  cells  had  been  altered  in  various 
ways.  For  example,  the  cell  face  could  be  extended 
into  the  soil  various  distances  and  the  effect  of  varying 
amounts  of  rim  area  could  be  studied,  always  comparing 
individual  cell  data  with  those  obtained  with  the  same 
cell  set  flush  with  the  surface  of  the  base. 
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Figure  10.- 


-Load-Pressure  Relationships  for  the   Moist 
Loam  Test  Soil. 


PERFORMANCE  OF  RIMLESS  PRESSURE  CELLS  DEPENDS  UPON 
THEIR  SIZE  AND  THICKNESS 

In  general,  the  pressures  indicated  by  the  cells  were 
found  to  be  directly  proportional  to  the  applied  load. 
This  is  evident  in  the  typical  load-pressure  relationships 
shown  in  figure  10  for  the  moist  loam  soil.  These  data 
show  the  pressures  indicated  by  cells  2,  3,  5,  and  7  for 
the  following  physical  conditions:  (1)  Zero  thickness, 
or  with  the  pressure  face  flush  with  the  base  section; 
(2)  %-inch  thickness,  or  with  the  piston  extensions 
attached;  and  for  the  %-inch  thickness  plus  (3)  one 
rim  section,  (4)  two  rim  sections,  (5)  three  rim  sections, 
and  (6)  four  rim  sections.  Each  plotted  value  repre- 
sents the  average  of  two  tests. 

In  these  and  subsequent  figures  and  in  the  test  where 
the  term  "cell  thickness"  is  used,  this  dimension  refers 
to  the  amount  of  the  extension  of  the  cell  piston  or  the 
cell  rim  into  the  soil  in  the  container  and  does  not  refer 
to  the  dimension  of  that  part  of  the  cell  that  is  embedded 
in  the  plaster  of  paris. 

In  connection  with  figure  10,  attention  is  called  to 
the  relationship  shown  by  a  broken  line  for  each  of  the 
cells.  This  represents  a  corrected  value  in  which  the 
element  of  friction  on  the  lateral  surface  of  the  piston 
extension  was  eliminated.  The  correction  was  arrived 
at  by  test  data  obtained  with  cell  3,  in  which  duplicate 
tests  were  made  with  and  without  a  very  thin  metal 
sleeve  surrounding  the  piston  extension.  It  was  con- 
sidered that  this  sleeve  served  to  eliminate  friction 
between  the  lateral  surface  of  the  piston  and  the  soil. 
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Figure  11.- 


-Performance  of  Cells  With  and  Without 
Rim  Sections. 


Thus  the  increase  in  pressure  due  to  cell  thickness  alone 
was  determined.  Assuming  that  the  intensity  of  this 
lateral  frictional  force  would  he  unaffected  by  the  di- 
ameter of  the  cell,  the  values  of  pressure  that  would 
have  been  indicated  by  the  other  three  cells,  had  not 
friction  been  present,  were  computed. 

From  such  data  for  the  four  test  soils,  it  was  possible 
to  express  on  a  percentage  basis  the  pressure  intensity 
indicated  by  the  cells  when  they  extended  up  into  the 
soil,  in  terms  of  that  recorded  when  the  pressure  area 
was  flush  with  the  base  of  the  container.  The  relation- 
ships are  shown  in  figure  11. 

With  the  exception  of  the  test  data  obtained  with  the 
moist  plastic  clay  soil,  the  trend  of  the  data  is  very 
consistent  and  strongly  indicates:  First,  that  as  the 
size  of  a  rimless-type  pressure  cell  is  decreased,  the 
pressure  intensity  that  the  cell  will  indicate,  in  soils 
that  displace  vertically  above  and  around  them,  may 
be  expected  to  increase  to  a  marked  degree;  and  second, 
that  the  presence  of  a  rigid  rim  section  around  the 
pressure-sensitive  area  tends  to  compensate  for  the 
effect  of  cell  thickness. 

The  behavior  of  the  moist  plastic  clay  in  these  tests 
was  quite  different  from  that  of  the  other  three  soils. 
Its  moisture  content  was  such  that  apparently  the 
material  behaved  nearly  as  a  fluid  with  essentially  the 
same  pressure  intensity  present  throughout  the  confined 
mass  of  soil.  It  was  observed  in  all  of  the  tests  with 
this  soil  that  some  of  the  material,  in  contrast  to  the 
other  soils,  actually  flowed  out  through  the  %-inch 
clearance  space  between  the  bearing  block  and  the  walls 
of  the  container. 


PERIMS  Tl  R  -  AREA   RATIO  OF  CELLS  -INCHES 

Figure   12. — Effect  of  Size  and  Thickness  of  Cells  of  the 
Rimless  Type. 

Figure  12  shows  a  portion  of  the  same  data  plotted 
so  as  to  indicate  the  effects  of  the  physical  dimension 
of  cells  of  the  rimless  type  on  the  manner  in  which  they 
performed  under  the  described  conditions  of  test.  In 
this  graph  the  pressure  intensity,  expressed  as  a  per- 
centage of  that  obtained  with  the  cells  set  flush,  is 
plotted  against  the  perimeter-area  ratio  of  the  recording 
units,  for  cell  thicknesses  or  piston  extensions  of  %,  %, 
and  l)i  inches,  respectively.  It  was  considered  ad- 
visable to  include  more  than  one  thickness  of  cell  unit 
in  order  properly  to  evaluate  this  factor.  The  relation- 
ships shown  are  considered  indicative  rather  than  abso- 
lute. However,  the  indications  arc  believed  to  be 
significant. 


RIM  SECTIONS  ON  RIGID  PRESSURE  CELLS  COMPENSATE  FOR 
EFFECT  OF  CELL  THICKNESS 

It  is  evident  that  for  the  dry  sand,  dry  loam,  and 
moist  loam  the  physical  dimensions  of  the  cells,  as 
measured  by  the  thickness  and  by  the  perimeter-area 
ratio,  are  quite  directly  related  to  the  accuracy  with 
which  they  will  indicate  pressure  intensities.  In  the 
case  of  the  plastic  clay,  on  the  contrary,  the  physical 
dimensions  of  the  cells  apparently  do  not  affect  the 
accuracy  of  the  pressure  indication  as  is  shown  by  the 
horizontal  line  which  averages  the  test  values  obtained 
with  the  plastic  clay.  It  is  to  be  noted  that  when  this 
value  of  117  percent  is  corrected  for  lateral  friction,  it 
remains  somewhat  greater  than  the  pressure  (100  per- 
cent) indicated  by  the  cells  when  flush  with  the  base  of 
the  container.  It  may  be  assumed  that  for  this  soil 
the  increased  pressure  intensity  indicated  by  the  cells, 
with  the  piston  extensions  in  place,  was  largely  due  to 
lateral  friction. 

The  fact  that  tests  with  moist  loam,  dry  loam,  and 
dry  sand  soil  gave  similar  values  was  not  entirely  unex- 
pected.    In  these  tests  the  body  of  soil  as  a  whole 
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Figure  13. — Effect  of  Thickness  of  Cells  of  the  Rimless 

Type. 

could  move  or  displace  only  in  the  vertical  direction. 
Had  the  tests  been  made  in  a  way  such  that  the  ma- 
terial could  behave  in  a  natural  manner,  i.  e.,  displace 
laterally,  the  cells  in  dry  sand  might  have  behaved 
somewhat  differently  than  in  the  loam  soil.  It  is  known 
that  the  resistance  offered  by  granular  soils  to  the 
displacement  of  loaded  bodies  varies  more  or  less 
directly  with  the  size  of  the  loaded  area,  the  displace- 
ment under  the  same  unit  load  decreasing  as  the  size 
of  the  area  is  increased.  From  this,  one  would  expect 
that,  under  normal  conditions,  the  pressure  recorded 
by  cells  in  granular  soils  would  increase  as  the  pressure- 
sensitive  area  of  the  cell  was  increased,  which  is  con- 
trary to  the  relation  found  by  the  tests  made  in  the 
rigid  container. 

Some  further  evidence  indicating  that  the  restraining 
effect  of  the  container  was  responsible  was  obtained 
from  a  limited  series  of  tests  made  in  a  container  whose 
side  walls  were  not  strictly  rigid.  With  this  type  of 
container  when  dry  sand  was  used,  the  pressure  indi- 
cated by  cells  of  %-inch  thickness  decreased  as  their 
areas  were  decreased.  In  fact,  for  the  smallest  cell, 
1  inch  in  diameter,  the  pressure  recorded  was  less  when 
the  cell  thickness  was  %  inch  than  when  the  pressure- 
sensitive  area  was  flush  with  the  base  of  the  container. 

In  spite  of  the  fact  that  the  tests  were  made  in  a 
container  that  restrained  the  soil  body  from  lateral 
movement,  it  is  believed  that  the  data  shown  in  figure 
12  clearly  indicate  that,  unless  a  soil  is  so  plastic  that 
it  behaves  essentially  as  a  fluid,  the  accuracy  of  cells 
of  the  general  design  studied  may  be  affected  to  an 
important  degree  by  both  the  thickness  and  the 
diameter. 

1 1  was  remarked  earlier  in  the  report  that  the  pressure 
intensities  that  rigid  cells  might  indicate  when  embed- 
ded in  and  surrounded  by  soil  might  possibly  vary  in 

manner  similar  to  that  which  obtains  under    rigid 

hearing  areas  of  different  sizes.     The  data  obtained  in 

these  experiments,  as  well  as  data  obtained  by  Housel  4 

i  her  investigators,  indicate  that  this  relationship 
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Referring  again  to  the  data  given  in  figure  12,  it  is  of 
interest  to  note  that  the  slope  of  the  pressure  intensity- 
perimeter  area  ratio  curves  increases  as  the  thickness 
of  the  cell  unit  increases.  In  other  words,  as  the  cell 
thickness  is  increased,  the  differential  in  soil  movement 
is  greater  and  the  effect  of  diameter  (as  measured  by 
the  perimeter-area  ratio)  becomes  more  pronounced. 

In  his  tests  with  rigid  bearing  areas,  Housel  4  found 
that  as  the  displacement  of  the  bearing  plate  was 
increased,  the  slope  of  the  pressure  intensity-perimeter 
area  ratio  curves  increased.  It  is  believed  that  the  same 
soil  reaction  is  responsible  in  both  experiments. 

In  figure  13,  cell  thickness  is  plotted  as  a  direct 
function  of  the  pressure  indicated  by  each  of  the  four 
cells  for  each  of  the  soils  tested.  It  is  evident  that, 
unless  the  soil  is  so  plastic  as  to  behave  as  a  fluid, 
the  indicated  pressure  intensity  varies  directly  with 
the  thickness  of  the  cell.  This  effect  of  cell  thickness 
is  a  very  important  one  since  for  practical  reasons  the 
cell  must  have  thickness  and  only  in  special  cases  can 
it  be  installed  so  that  this  thickness  does  not  exert  an 
influence. 

The  result  of  increasing  the  effective  rim  width  of  the 
three  cells  of  variable  size,  but  of  a  constant  %-inch 
thickness,  is  shown  in  figure  11.  These  data  show 
that  as  the  width  of  rim  was  increased  the  pressure 
intensity  indicated  by  the  cell  approached  that  indi- 
cated by  the  same  cell  when  set  flush  with  the  base; 
in  other  words,  that  which  would  be  shown  by  a  cell 
of  negligible  thickness.  This  suggests  the  possibility 
of  determining  the  width  of  rim  necessary  to  compensate 
for  the  errors  in  pressure  indication  that  are  caused 
by  the  cell  thickness  of  %  inch. 

In  figure  14  the  data  for  each  of  the  three  diameters  of 
cell  (1.0,  1.5  and  3.57  inches,  respectively)  are  arranged 
for  this  purpose  by  averaging  the  values  plotted  in 
figure  11  for  the  dry  sand,  dry  loam,  and  moist  loam 
soils  for  the  %-inch  thickness  corrected  for  side  friction. 
Figure  14  indicates:  First,  that  it  is  possible  to  adjust 
the  rim  width  to  compensate  for  cell  thickness  in  cells 
of  this  type;  second,  that  the  rim  width  required  for 
such  compensation  increases  as  the  over-all  cell  diam- 
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eter  is  decreased;  and  third,  that  for  cells  of  this  thick- 
ness the  rim  width  required  is  appreciable. 

SUMMARY 

In  appraising  the  significance  and  utility  of  the 
knowledge  obtained  in  this  study,  it  should  be  remem- 
bered that  the  tests  having  to  do  with  the  influence 
of  the  dimensional  features  on  cell  performance  were 
made  with  soil  that  as  a  body  was  not  free  to  move 
laterally  and  that  was  of  rather  limited  depth.  How 
the  cells  might  have  performed  in  the  same  soils  had 
there  been  no  planes  or  barriers  of  discontinuity  was 
not  indicated  by  these  tests,  but  it  is  probable  that 
some  differences  would  have  been  found. 

The  question  is  intimately  related  with  the  state  of 
initial  density  of  the  material.  Increasing  the  density 
of  a  soil  by  artificial  compaction  will  reduce  its  move- 
ment under  load,  although  some  movement  is  to  be 
anticipated  in  even  the  densest  soil  materials.  To 
indicate  the  true  pressure  developed  in  a  soil  by  an 
external  force,  a  pressure-measuring  device,  particu- 
larly a  cell  of  the  rimless  type,  must  either  possess  the 
same  load-displacement  characteristics  as  the  soil 
itself  or  it  must  have  no  tangible  thickness.  In  this 
connection  it  appears  reasonable  to  assume  that  a 
slight  amount  of  differential  movement  around  a 
pressure  cell  in  a  compacted  soil  would  impose  as  much 
additional  pressure  on  the  cell  as  would  a  relatively 
large  movement  in  an  uncompacted  soil. 

It  seems  impracticable  to  attempt  to  design  pressure- 
indicating  cells  that  will  display  the  same  load-displace- 
ment characteristics  as  the  soil  because  these, are  neither 
constant  nor  known.  The  design  of  a  cell  that  has  no 
tangible  thickness  likewise  presents  practical  difficulties. 
It  appears  that  the  problem  of  measuring  pressures  ran 
best  be  approached  by  systematic  studyT  of  the  design 
features  of  cells  that  satisfy  practical  requirements  as 
to  dimensions  and  materials  to  the  end  that  these  may 
be  used  with  a  full  knowledge  of  their  accuracy  and 
other  characteristics.  It  is  believed  that  this  explora- 
tory study  of  the  performance  of  cells  of  a  single  type, 
limited  as  it  is,  has  served  a  useful  purpose  and  has 
produced  significant  results. 

It  has  been  shown  that  when  cells  equipped  with  a 
rigid  rim  are  placed  on  a  soil,  even  with  the  greatest 
care,  it  is  difficult  to  obtain  the  same  initial  intimacy  of 
contact  between  the  soil  and  the  active  and  inactive 
areas  of  the  soil  face.  As  a  result  there  is  apt  to  be  a 
rather  wide  variation  in  the  pressure  intensities  indi- 
cated by  identical  cells  installed  in  the  same  way  on 
the  same  soil  medium. 

The  tests  indicate  further  that  when  cells  of  this  type 
are  used,  the  actual  magnitude  of  the  pressure  intensity 
that  the  cell  may  indicate  depends  upon  the  amount  of 
plasticity  possessed  by  the  soil.  Where  the  soil  used 
is  so  plastic  as  to  act  like  a  iluid  under  pressure,  the 
cells  give  an  accurate  indication  of  pressure  intensity. 

The  accuracy  of  the  indication  of  pressure  intensity 
given  by  cells  of  this  type  is  apparently  affected  to  an 
important  degree  by  the  physical  dimensions  and  by  the 
external  design  features  such,  for  example,  as  the 
relation  between  the  size  of  the  pressure-sensitive  area 
and  that  of  the  total  facial  area  exposed  to  pressure. 


It  appears  possible  to  design  the  cell  so  that,  for 
given  test  conditions,  the  error  in  pressure  intensity" 
indication  caused  by  the  cell  thickness  can  be  com- 
pensated for  by  suitably  proportioning  the  active  and 
inactive  areas  of  the  cell  face. 

As  stated  at  the  beginning,  this  report  describes  the 
results  of  certain  exploratory  tests.  The  data  ob- 
tained are  not  offered  as  conclusive.  They  do,  how- 
ever, point  to  the  importance  of  a  knowledge  of  the 
performance  of  pressure-measuring  equipment  if  de- 
pendable data  are  to  be  obtained. 
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Figure   18. — Progressive    Change    in    Roughness    of   Two 
Road  Surfaces  With  Time. 

summary 

The  equipment  that  has  been  described  is  not  perfect 
and  it  may  be  that  some  changes  in  the  apparatus  or  in 
the  technique  of  field  testing  may  be  found  desirable 
at  some  future  time.  It  is  believed,  however,  that  the 
underlying  principle  as  a  means  for  indicating  the  rela- 
tive roughness  of  road  surfaces  is  sound  and  that  the 
present  equipment  is  superior  to  that  developed  earlier 
in  two  important  respects.  First,  the  introduction  of  a 
special  vehicle  has  removed  the  uncertainties  of  vehicle 
operation  that  were  always  present  when  an  automobile 
was  a  component  part  of  the  measuring  apparatus;  and 
second,  the  entire  equipment  is  so  designed  that  it  can 
be  exactly  duplicated   and,   to   this  extent,  the  equip- 
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ment  is  standardizable.  Many  hundred  miles  of  opera- 
tion without  mechanical  failure  indicate  adequate 
mechanical  design.  The  equipment  is  stable  in  opera- 
tion and  has  shown  remarkable  consistency  of  perform- 
ance. Finally,  it  is  easy  to  use  and  the  data  are  obtained 
rapidly  with  it. 

It  would  appear  that  there  are  several  fields  of  use- 
fulness for  equipment  of  this  kind.  If  the  apparatus  is 
constant  in  its  performance,  it  permits  of  periodic 
surveys  of  surface  condition  that  will  give  quantitative 
data  on  the  roughness  of  the  various  pavements  in  a 
highway  system.  For  example,  figure  18  shows  how 
the  surfaces  of  two  pavements  compared  month  by 
month  over  a  period  of  11  months.  The  concrete 
pavement  rests  on  a  fill  that  is  not  completely  stable 
and  the  bituminous  pavement  is  one  that  requires 
patching  from  time  to  time.  Data  such  as  these  show 
the  need  for  and  result  of  surface  maintenance  opera- 
tions. With  means  for  evaluating  surface  roughness 
available,  the  interest  of  construction  and  maintenance 
crews  can  be  aroused  and  a  desirable  competitive 
spirit  stimulated. 

REPORT   OUTLINING   NATION'S  HIGHWAY  NEEDS 
STILL  AVAILABLE 

Copies  of  the  report  "Toll  Roads  and  Free  Roads" 
are  available  from  the  Public  Roads  Administration  of 
the  Federal  Works  Agency.  This  publication  is  divided 
into  two  parts  as  follows: 

1.  It  reports  the  findings  of  an  investigation  of  a 
proposal  to  budd  six  toll  highways,  three  spanning 
the  country  from  east  to  west,  and  three  from  north  to 
south. 

2.  It  presents  a  master  plan  for  future  highway 
development,  based  on  factual  information  obtained  in 
highway  planning  surveys. 

Initial  distribution  of  "Toll  Roads  and  Free  Roads" 
has  already  been  made.     However,  an  ample  supply  of 


this  particular  publication  is  still  available  for  free 
distribution  to  highway  engineers,  libraries,  colleges, 
and  others.  Requests  for  "Toll  Koads  and  Free 
Roads"  should  be  addressed  to  the  Public  Roads 
Administration,  Washington,  D.  G\ 

SIMILAR  EQUATIONS  DERIVED  BY  INDEPENDENT 
WORKERS 

In  the  article  "Soil  Displacement  Under  a  Loaded 
Circular  Area,"  by  L.  A.  Palmer  and  E.  S.  Barber 
appearing  in  the  December  1940  issue  of  Public  Roads, 
reference  to  an  earlier  article  by  the  late  Dr.  John  H. 
Griffith  of  Iowa  State  College  was  unfortunately  not 
made.  The  authors  derived  their  equation  5  without 
knowledge  that  Dr.  Griffith  had  presented  essentially  the 
same  expression  as  his  equation  3  on  page  32  of  Bulletin 
101,volume30,  No.  1,  Iowa  Engineering  Experiment  Sta- 
tion, Iowa  State  College,  under  the  title  "Physical 
Properties  of  Earths."  Equation  5  in  the  report  by 
Palmer  and  Barber  is 


V 


'1 

a 


[(2-2M2)  (a2- 
+  (M  +  2M2-1)3]_ 


■  o*\ii  — 


(1+m)z2 
(a2+22)^ 


(5) 


where  V  is  the  vertical  displacement  of  an  earth  particle 
at  any  depth,  z,  on  the  axis  of  symmetry  under  a  uni- 
formly loaded  circular  area  at  the  ground  surface;  n  is 
Poisson's  ratio;  a  is  the  radius  of  the  loaded  circular 
area;  p  the  unit  load;  and  C  is  the  modulus  of  deforma- 
tion obtainable  from  plotted  stabilometer  test  data. 

In  Dr.  Griffith's  equation  3,  a  modulus  of  elasticity, 
E,  was  used  in  place  of  the  C  in  the  above  equation. 
Dr.  Griffith  did  not  indicate  values  for  /x  or  E  nor  did 
he  mention  any  possible  laboratory  means  of  deter- 
mining these  values.  Aside  from  this  difference,  his 
expression  is  the  same  as  the  above  equation  5. 
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method  --   -    183-186,    198,    199 

forces  resisting  penetration  by  rigid  bodies, 
data  for  cohesive  soils,  and  gran- 
ular soils  236,  238 

formulas  —.._..-...  117   15* 

soil     displacement     under     loaded     circular 

aieas    151-153,  156,  157.  183-186,  198,  199, 

244 
under    strip    loads,    long    fills .  .148-150.    153,    157 
Bending  stresses: 

in  bituminous  mixtures  under  load  71.  si 

in    concrete     pavement    slabs    as    critical 

stresses       .    121 

Bending  tests  or  bituminous  mixtures-   .  69  74,  81 

Benefit     charges,     use     in     financing     highway 

improvements 115 
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Bcnkelnian,   A,   (\,   joint   author,  11  235  243 

Benson.  . I     K  21,  25 

Binding  matei  ials,  binders,  acl  i\  it  y  of: 
as  affecting  service  behav  ior  of 

base  courses  65 

soil-aggregate  roads  196   198 

as    indicated    bj     base    exchange    measure- 
ments 196  10s 
Bibliographies: 

land  acquisil  ion,  land  values  I  Is 

soil  stability,  soil  mechanics  155,  I5(i 

Billboards  along  highways,  elimination  111 

Bird,  Francis  II  ,1.  in  p  lis 

Bitumen  contents  ol  petroleum  asphalts,  solu- 
bility of,  specification  require- 
ments and,  icsi  data  for  numerous 
asphalts  2,4-10,21-23,25,  26 

Bituminous  fillers  foi  joints  in  concrete  pave- 
ments, mixtures  of  bituminous 
materials  and  rubbei  latex     ..  57  61 

Bituminous  mate)  ials: 
consistent'} 

effect   on  stabilitj    ol    bituminous   mix- 
tures 75-78,82 
viscositx  determinations  for  various  pe- 
troleum asph  ill-              in.  11,  13,  127  138 
use  iii  rubber  compounds  as  joint   tillers  in 

concrete  pax  em, aits  60,  61 

Bituminous  pa\  ing  mixl  ures 

Pending  tests  69-74,81 

i    lop  69  (fn),  75  (fn) 

stability  (of  sheet  asphalt  mixtures)  as  af- 
fected bv  consistency  and  type  of 
asphall  75  78,82 

Bituminous  loads: 

bituminous  concrete  mads 

asphalts  for  use  in  construction  ,,| 

consistency  of  (general)  -         75 

specification  requirement  -  2,  21 

bending  tests  of  samples  from  ?:-t.  74 

bituminous  macadam  roads,  asphalts  for  use 
in  construction  of,  specification  re- 
quirements -'.  21 
classification  in  surface  type  groups  Hi 
roughness  tests                                     232-234,243,244 
sheet  asphalt  mads.  se<  under  Asphall  pave- 
ments, 
surface   treated    bituminous   mads,   se<    Bi- 
tuminous   surface    treatment     ol 
roads, 
Bituminous  surface  treatment  of  mails: 

materials  and  methods  used  65  67,  1 94 

service     behavior     of     bituminous     surface 

treated  mads  66  68,80,81,  194,  198 

Blends  of  asphalts 

blending  and  blowing  as  means  of  altering 
fluidity    factors   of  petroleum   as- 
phalts 13.22 
lest  data  for                              3,  I.  13,22.23,26,  127   138 
Block  pavements  (stone,  wood,  asphall),  classi- 
fication in  surface  type  groups  I  II 
Blowing,  see  Blends  of  asphalts. 
Bond: 

between  concrete  aggregate  and  mortar,  im- 
portance in  pavement  concrete.  .         12(1 
between   rubber  joinl    fillers   and   concrete 

pavements  — -  58-61 

Bonding  strength: 

of  asphalts  82 

sn  also  Binding  materials,  binders,  activity 
of. 
Bonds,  highway: 

and  notes,  a  1  local  ions  for,  from  various  State 
tax  rec  ipl 
Michigan  dal  i  115,  Ill- 

statistics,  by  Stales  (1939)  171-  ISO 

[oi  inter-count}  ('men  roads,  Michigan       115,  116 
street  improvement  bonds,  Chicago  (1930)         115 
Boulevards 

definitions  m 

improvements,  funds  for,  from  local  highw  ay- 
user  imposts  i  Missouri)  55 
land  acquisition  for  construction  of        108,  110,  111 
propel i\  adjacent  to,  values                               1 10 
Boussinesq,  Joseph  (M.  J  i.  r  .  i    to  p                        167 
Brick  pavements,  classification  in  surface  type 

groups  .  -       111 

Bi  idges,  highw  a} 
abutments  ol 

as  affecting  positions  of  vehicles  on  high- 
ways 37 
horizontal  forces  and  moments  on         1(17-171 
bi  idge  llooi  design,  r.  to  p                                        45 
consideration  in  highway  planning  surveys         ill 
marginal    land    acquisition    for   approaches 

to  ins,  in 

replacements  in  national  defense  159 

Briggs,  II.  R..a 105  117,118 

1 
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Brown,  I.  C,  joint  author,  r.  to  p._ 194(fn) 

Buchanan,  James  A.,  joint  author,  a     227-234,243,244 
Burggraf,  Fred,  r.  to  p  148,155 

Business  traffic  on  highways..-    -  ..  92,96.97,210,222 

Busses,  motor: 

registration  fees,  receipts  from  (1939)..     86 

registrations  (.1939)  85 

use  of  highways  188,217,218 

Byers,  H.  O.,  joint  author,  r.  to  p       ...   ...      194(fn) 


(' 


Calcium  as  predominant  exchangeable  base  in 

road  soils,  road  condition  data..  198 

Calcium  chloride  treated  road  surfaces,  soil- 
aggregate  samples  from,  base  ex- 
change and  road  condition  data 
for...  ..  .     loo  198 

Caliche  surfaces ...  141 

Cantilever  beam  tests  of  bituminous  mixtures  69 

Capillary  tube  viscosimeters 12"    138 

1    irbon,   fixed,  specification  requirements  and 

test  data  for  petroleum  asphalts. .         4, 

21  23  25  26 

Carmick,  L.  O.,  a..  "79^-80 

Carotners,  S.  D.,  r.,  r.  top 183 

Carpenter,  G.  A.,  joint  author,  r.  to  p...  65(fn),66(fn) 
Catudal,  Arthur  L.,  joint  author,  a  227-234,  243,  244 
( Yment  factors  of  concrete: 

determination  for  various  combinations  of 
aggregates  used  in  pavement  con- 
crete   .    121-126,138,  139 

relation  to  flexural  strength,  water-cement 
ratio,    and    percentage    of    sand 

(pavement  concrete  data) .       121- 

126,138,139 
Cements,  sodium  and  potassium  in,  determina- 
tion of 79-86 

Center  markings  of  roads  as  affecting  drivers' 

behavior  in  passing  maneuvers.   188,  189 
Certificates    of    title    (motor-vehicle),    receipts 

from,  1939 86 

Chagrin    Falls,   Ohio,  experiments  in   highway 

lighting..      ..   .  187,  iss 

Chats  surfaces .  .    111 

Chauffeurs,  driving  characteristics  of,  driver- 
speed  study  data 97 

Chemical  analyses  of  colloids  from  road  soils  .  193-196 
Chemical  properties: 

of  petroleum  asphalts  of  50-60  and  85-100 
penetration  grades,  physical  prop- 
erties...    1-26,130 

of  soil  fines,  effect  on  performance  of  soil- 
aggregate  mixtures. ..    ..   193-198 

Chemical  treatment  of  base-course  materials: 

chert-gravels,  a.   .  65-68,80,81 

nonplastic  materials,  r.  to  p  .     65  (In) 

Chemistry  of  soils,  importance  in  classification 

of  road  soils 198 

(  lieit-'Jiavels: 

as  base  course  materials,  chemical  treatment 

of ..    65-68,80,81 

as  surface  course  materials 65 

Chert  surfaces 141 

Circular  areas  (loaded),  stresses  in  soils  under, 

soil  displacement-. 151-154, 

156,  157,183-186,  198,  199,  -'II 
Circular  bearing  Mocks  (rieid).  soil  resistance  to 

penetration  by...    .  236,238 

i  'ircular  test  track  .  65  67 

Circular  track  tests: 

of  chert-gravels  for  use  in  base  courses.  65  68,  80,  81 
ol  low-cost  bituminous  mixtures,  r.  to  p...  66  (fn) 
of  nonplastic  road-building  materials,  r.  to 

p 65  (fn) 

of  sand-clay  and  sand-clay-gravel  materials, 

i- 65 

Cities: 

and  urban  areas,  residents  of,  motor-vehicle 

travel  bv,  Connecticut  data 90, 

92.  93,  97,  98 
expenditures  for  si ts  and  highways- 
marginal  land  acquisitions  by  various 

nties,  recoupment  enterprises    106  116, 

118 
relation  to  receipts  from  local  imposts  on 

motor  vehicles  (Missouri) ..  54,  56,  61 

local  imposts  on  motor  vehicles  levied  by  .  49-66, 

61,62 
( Hays  and  clayey  soils: 

clay  minerals  in  soils  as  affecting  chemical 
properties  of  soils  ami  performance 

of  soil-aggregate  mixtures 193-198 

moist,  plastic  clay,  soil  pressure  tests  of      238-243 

settlement 166,  172,  185, 186,  198,  199 

test  data  for  clays  used  in  tests  of  soil  pressure 

cells 239 

Clearances  (edge  clearances,  vehicle  clearances) 

of  motor  vehicles  on  highways.  37,  42-45. 
187, 191, 192 
Clutch  design  (new)   for  road  roughness  indi- 
cators  230,  231 

Cohesion  in  soils: 

definition  .   __.       147 

relation  to— 

compressive  strength  and  internal  fric- 
tion of  unconfined  cylindrical  soil 

sample,  formula ....       147 

supporting  power  under  load 147-157,101 


Page 
Cohesive  soils: 

as  binders,  relation  to  stability  of  soil  roads.      197 

resistance  to  penetration  by  rigid  bodies 230 

Colloid  contents  of  soils,  colloids: 

chemical  analyses  of  193  196 

extraction  from  soils 193,  I'M 

r.  to  p .     .   193  (fn),  191  (fn) 

relation    to   cohesiveness   of   binder    in   soil 

aggregate  ...         ...     ..       197 

silica-sest|Uioxide  ratios,  silica-alumina  ra- 
tios, of  colloid  fractions  of  soils  and 
their  relation  to  service  behavior 

of  soils  193  198 

test  data  for  several  soils  197,239 

Commercial  motor  vehicles: 

license  fees,  rates,  in  Missouri         50 

use  ot  highways,  traffic  study  data         ...     39,89, 

90.93.  204,210 
see  fi/.sn  Busses,  motor-  Trucks  and  tractor 
trucks,  motor. 
<  impaction,  consolidation: 

of  bituminous  paving  mixtures,  degree  as 
affecting  strength  and  stiffness  of 

mixtures.    ..69.71,74 

of  chert-gravel  base  courses  tested  on  circular 

track...   .     65-68,80 

of  sheet  asphalt  test  specimens  in  stability 

tests  of  mixtures 75 

of  soil-aggregate  road  surfaces,  relation  to 
chemical   and    physical   test  data 

for  soils 196  198 

of  soils — 

as  cause  of  settlement  of  soils.        161, 

103,  172.  173.  183,  185 

computation  of  So        .        .... 172 

data  for  soils  used  in  tests  of  soil  pressure 

cells 240-243 

effect  on  moduli  of  deformation  of  soils 

under  loaded  circular  areas 183-186. 

198,  199.2)4 
stabilomcter  test  data,  triaxial  test 

data   ...     ...    .    101-163, 

Hit;.  172,  173,  183   1X6,  198,  199,  241 
of  subgrades,  to  maximum  densitj  198,199 

( 'ompaction  tests,  standard,  of  chert-gravel  base- 
course  mixtures  tested  on  circular 

track 66,  (is,  xn 

Compressibility  of  soils,  compressible  soils 161, 

167, 173,  185.  236 

Compression  machines,  use  in  tests,  r 75 

Compression  tests  of  soils,  stabilometer  tests, 

triaxial  compression  tests 161-103. 

166,  172.  173, 183-186,  198,  199,  244 
Compressive  strength: 
of  concrete — 

data  for  experimental  mixtures  for  pave- 
ments  138,  139 

secondary  importance  for  pavement  con- 
crete    121.13s,  139 

of  soil  sample  (unconfined,  cylindrical),  for- 
mulas  147,  1  IS 

Concrete  bridge  slabs,  tests  of,  r.  to  p 45 

Concrete  mixers,  laboratory  mixers 1 21, 1 25 

Concrete  pavements: 

classification  in  surface  type  groups 111 

design  of  mixtures  for,  with  different  combi- 
nations of  aggregate 121-126, 138,  139 

joint  fillers  for,  rubber  and  rubber  compounds. 57-61 
lighted  and  unlighted  concrete  pavements, 

driver  behavior  on 187-192, 199-200 

roughness  tests 232-234.213,211 

traffic  study  data  for   vehicle  speeds  and 

placements.  39-45, 89-101, 187-192, 199-200 

Condemnation  of  lands  for  highways 106-117.  lis 

Consistency  tests: 

of  asphalts,  data  for  various  materials 1-20. 

75-78,82,  127-13S 
of  concrete- 
data  for  pavement  concretes ',     121- 1 '.'4 

r.  to  p 123(fn) 

of  tars  (coal)  — 

r.  tn  p  127(fn),  135(fn),  138(fn) 

testing  temperature  suggested  lor  use  in.      138 
Cooling  methods  used  in  bending  tests  of  sheet 

asphalt  mixtures 69-71,81 

Cork  (granulated,  ground),  use  in  rubber  com- 
pounds as  joint  fillers 58-60 

Cornish,  W.  K.,  joint  author,  r.  to  p 235(fn) 

Cortelyou,  S.  V.,  r.  to  p 118 

Coulomb's  theory  of  shearing  resistance  of  soils.  147,  155 
Counters,  recording  instruments,  and  data  ob- 
tained by: 
road  roughness  recording  devices.   227-234,243,244 

traffic  counters,  traffic  recorders 29-45, 

89-101, 187-192, 199-200,  203-222 

County  funds,  use  to  finance  local  streets 61 

County  imposts  on  highway  users 49 

County  jurisdiction  over  rural  roads 159 

County  roads: 

administration  of  ... 158,159 

see  alio  Local  roads  and  streets. 
Cracking: 

of  bituminous  paving  mixtures 69-75,81 

of  rubber  joint  fillers  58-60 

Cracking  processes,  use  in  production  of  petro- 
leum asphalts  and  identification 

by  tests   .     ..  3,4,21-24,130,133 

Crushed  stone  aggregate,  use  in  study  of  design 

of  pavement  concrete . . .  121-126, 138, 139 
Curbs  as  affecting  driving  practices 37,187,192 
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( 'urves,  highway: 

advertising  devices  at,  as  traffic  hazards 111 

as  affecting  driving  practices 37,38,187,190  192 

degree  <>i  curvature  to  be  permitted,  pro- 
posed study      38 

design  in  relation  to  vehicle  length Ms 

Cushman,  Robert  E.,  r.  to  p 115 

Cut-hack  asphaltic  products,  use  as  seals  for 
rubber    joint,    fillers    in    concrete 

pavements. .   57,60 

Cuts: 

critical  heights  of  slopes,  determination  of     1  ts  150, 

154-156 
design,  study  of.  r.  .  117 

I) 

Damage  I"  property,  damage  cosls.  in  connec- 
tion with  acquisition  of  land  for 
highways.  .     106, 108-111.  1 1V 

Damping    .\   tern  used  on  equipment  for  meas- 
uring road  roughness  .   229-232,234 
Dana  automatic  roughometer,  r.  to  p. . .        ..  228  (fn) 
Darkness  as  affecting  driving  practices  of  motor 

vehicle  drivers         ..  29,187-192,199  .'on 
Debts  and  obligations,  highway: 
retirement  of — 

allocations  for,  from  various  State  tax 

receipts  (1939) 171  [80 

Missouri  data  (1934) ...  56 

I  )cfense,  national,  highway  system  for 158,  1 59 

l  leflections: 

in  bituminous  paving  mixtures  under  load. 

bending  test  data..                   ..  69-74. Kl 
in  soils  under  loaded  circular  areas,  soil  dis- 
placement .       .. 151   153, 

156. 157, 183-186, 198,  199,  244 
spring  deflections,  vehicle,  in  new  equipment 

for  measuring  road  roughness     .  231,.':;:; 
Deformations  in  soils: 

graphical  analyses  of  stability  of  soils        ..   147-157 
moduli  of  deformation 

as  affecting  pressure  cell  test  data  237 

for  soils  under  loaded  circular  areas        is:;   186, 
198.  199,  "II 
in  computation  of  lateral  displacement 

of  fill  soils 161-166.172.  173 

stabilometer  test  data.  161-163. 

166, 172, 173, 183-186, 198, 199, 244 
Densities: 

of  bituminous  paving  mixtures  as  affecting 

strength  and  stiffness  of  mixtures.  69-74, 

81 

of  chert-gravel  base-course  mixtures  as  af- 
fected by  admixtures 68,  80,  SI 

nl  granular  mixtures  for  base  courses  as  meas- 
ures of  stability  of  mixtures 80,81 

of  petroleum  asphalts,  data  for  numerous 

asphalts  tested 127,128,130,131 

of  soils — 

effect  on  deformalion  under  load...  . .         186, 
198. 199,  243 
maximum  densitv,  compaction  of  sub- 
grades  to...       198,199 

Design,  highway: 

r.top - 62,101 

see  also  names  of  features  of  design — also 
Planning  of  highways— Traffic 
studies. 

De.  SiH-a,  Harry  R.,  a 89-101 

Detectors  and  recorders,  traffic,  types  used  and 

data  obtained  by 29-45,    89-101, 

187-192,  199-200,  203-222 
Deval  abrasion  test  data  for  North   Carolina 

aggregates 122 

Dials  (Ames,  micrometer),  use  in  testing  appar- 
atus.    69,70,  183 

Dimmick,  Thomas  B.,  joint  author,  a.  141-146, 158, 159 

Directional  marking  of  highways 188 

Displacements: 

of  road  surfaces,  see  under  Service  behavior — 

also  under  Stability, 
of  soils,  see  Settlement  of  soils. 
Distillation  methods  used  in  the  production  of 

various  asphalts 1-3,  24,  130 

I  loloinite,  use  as  aggregate  in  study  of  design  of 

pavement  concrete 121-126,  138,  139 

Dore,  S.  M.,  joint  author,  r.  to  p 155 

Doyle  (Raschig  and  Doyle),  bending  tests  of 

bituminous  mixtures 69 

Drained   roads    (graded    and    drained    roads). 

travel  onand  dwellings  served  by.  14 1-146. 
158,  159 
Drivers  of  motor  vehicles: 

driver-speed  investigations — 
in  Connecticut — 

a ......  89-101 

age  data  for  drivers  and  relation  to 

vehicle  speeds 90-95,  97,  98,  100,  101 

driving  experience  of  drivers.  91-95,  97-101 

out-of-State  drivers 89,  90,  92-100 

owner  drivers,  nonowner  drivers..  90-94. 
99-101 

truck  drivers... 97 

women  drivers 90-101 

in  South  Carolina,  r  .  89 

driving  practices  of,  traffic  study  data 29-45, 

89-101,  187-192, 199-200 
regulation  of,  r ...". 90 
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Dubbs  cracking  process,  use  in  manufacture  of 

test  asphalts ::,  130 

Ductility  (ies)  of  asphalt  (si: 

r.  to  p ....  ..  19(fn), 20(fn) 

specification  requirements  and  their  control 

over  processing 2, 

4-10,12-14,16,20,21,25,26 
test  data  for  various  petroleum  asphalts  ..      4-10, 

14, 16-21,25,26 

Ductility  machine ;,,  1 1 

1  lust  contents: 

of  bituminous  paving  mixtures — 

data  for  sheet  asphalt  mixtures  tested  for 

stability .   .   75 

relation  to  strength  and  stiffness  of  mix- 
tures  69,72,73,81 

Dust  ratios: 

data  for  various  road  soils  and  comparative 

road  conditions  194-  10s 

of  chert-gravel  base  course  mixtures  tested 

on  circular  track 05 

requirements  for  — 

stabilized  base  courses     pit 

stabilized  surface  courses 196 

I  )ust  less  road  surfaces  and  nonduslless  surfaces 
in  rural  areas,  travel  on  and  dwel- 
lings served  by,  comparative  data      141- 
146,  158,  159 
I  lusty  road  surfaces,  relation  to  base  exchange 

characteristics  of  road  soils        .    196,  IH7 
Dwellings  served  by  rural  roads  of  various  sur- 
face types  and  degree  of  improve- 
ment ...     .   141-146,  158,  159 
Dynamometers  for  measuring  earth   pressures, 

dimensions  and  r.  to  p..  235 


E 

Earth  ami  gravel  road 

roughness  tests...  232,233 

travel  on  and  dwellings  served  bj     ill- 146,  158,  15y 
l.. 1 1  ih  pressure: 

against  retaining  walls  .  .   147-150,153-156,167-171 
lateral  pressure,  horizontal  pressure  147-156, 

161-173 
measurement  bj  soil  pressure  cells  235-243 

r.  top .   155,  156,  167  (fn).  171(fn),235(fn) 

underfills   ...     ...      ..   148-157,161,163-173 

under   loaded   circular  areas,   soil   displace 

inent .   151-154, 

156,  157,  183-180,  198,  199,  244 
Ea  oments  in  connection   with  marginal  land 

acquisition  for  highways  111,  113 

Education,  allocations  for.  from   various  State 

tax  receipts  (1939) 174, 176..178  180 

Elasticity: 

of  bituminous  paving  mixture; 
moduli  of  elasticity— 

as  measures  of  stiffness  of  mixtures      70. 7 1 
dafa  from  bending  tests  of  mixtures    no  -71. 

hi 
formula     .....  70 

of  lubber  joint  fillers  ..         ...   57  59 

oi    soil    pressure   measuring   devices  as   in- 
fluencing pressure  distribution  in 

Soils  '-'35 

of  soils,  see  Elasticity,  theory,  of. 
theory  of- 

application  in  computations  of— 

horizontal   forces   and    moments   in 
bridge  abutments  and   retaining 

walls   ...    1 1 .7  - 1 7 1 

shearing  stresses  under  fills  . .   150,  151 

soil  displacement  under  loaded  cir- 

cularareas..  183-186,199,244 

r.  to  p 155.  150,  167  (fn),  183  (fn),  181  (fn) 

"Electric  eye,"  use  as  traffic  detector...     30 

Electrical  devices,  types  used: 

in   clutch   design   for  road   roughness   indi- 
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bv  surface  type  in  relation  to  traffic  and 

dwellings  served  141-146,  158,  159 

mileage  of  surfaces  permitting  travel  at 

all  seasons  of  the  year  141.  142 

total  mileage.  ...    .   ._..       141 

for  travel  distances  of  rural  dwellings  from 
surfaced  roads,  improved  roads 
(10  States)  158 

.v, ,  also  Federal-aid  roads— Vehicle-mileage 
data 

Mindlin,  Raymond  ]>.,  r.  to  p 171  (fn) 

Mineral  powders,  use  in  rubber  compounds  as 

joint  fillers  as 

Mizroch,  Jacob,  joint  author,  a 193- IMS 

Mohler.  Charles  K.,  r.  to  p  lis 

Mohr's  diagram,  use  in  determination  of  cohe- 
sion required  to  prevent  overstress- 
1 1 i'j  of  soil  at  a  point  under  loaded 

circular  area  152 

Moisture  equivalents  of  various  soils...  .     194. 197.  239 
Moisture    variations    in    concrete    as    cause    of 
tensile    and     flcxural    stresses    in 

pavement  slabs 121 

Molding  methods,  molds,  used  for  various  test 

specimens. . .  21,68-71,  75.  125 

Moments,  computation  of  horizontal  forces  and 
moments  in  bridge  abutments  and 

retaining  walls ..  167-171 

Montmorillonite  soils  193,195 

Morehouse.  Edward  W.,  joint  author,  r.  to  p.   lit),  lis 

Morris.  I).  L.,  joint  author,  r.  to  p 91 

Morrison,  I.  F..  joint  author,  r.  top...         . .   235  (fn) 
Mortar  voids  ratios  of  concrete  mixes  used  in 

study  of  pavement  concrete 122. 123 

Motoi  carrier  taxes  (State),  receipts  from  and 
disposition  of,  statistics,  bv  States 
(1939) ...  17S 

Motor-fuel  consumption:  ■ 

comparison  of  gasoline  consumption   with 

traffic  recorder  data ...  21s  .'-'-' 

statistics,  by  States  (1939)   .  .  83 

Motor-fuel  taxes: 
local  taxes- 
Missouri  data...  .  49-56,61,62 
States  having  local  motor-fuel  taxation 

(1939) 49 

rates  (1939-  ..   49,51,54,61.84 

State  taxes,  receipts  from  and  disposition  of, 

Statistics,  bj  States  ( 1939)         84,  174.  175 
statutory  development  of,  in  Missouri         .  49-51, 

56,61,62 
Motor-vehicle  taxes: 

li  ical  imposts  in  M  issouri     49-50, 61, 62 

State  taxes,  receipts  from  and  disposit  ion  of, 

statistics,  bj  states  (1939)        86,  176,  177 
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Motor  vehicles: 

ago,  relation  to  speed  and  accidents  on  high- 
ways (Connecticut)        -    91-97,100,101 
occupants,  numbers  of,  driver-speed  study 

data  (Connecticut)    90  94,96  98,  100,  101 
out-of-State  motor  vehicles,  foreign  vehicles. 

on  highways      89,  90,  92-100,  210,  217-219 
price    classifications,    driver-speed    studies 

(Connecticut)-    .  91  93 

transverse    positions   on    highways,    traffic 

studj  data  31,  37-45,  187-192.  20C 

trip  lengths,  traffic  survey  data    90-98,  100, 101.  222 
Motorcycles: 

registration  fees,  receipts  [rom  (1939)  86 

registrations  (1939)  *-r> 

Motors,  induction,  use  with  electrical  devices  in 

traffic  studies  ;'' 

Municipalities: 

local  imposts  on  motor  vehicles  levied  by       49-56, 

61,62 
see  also  ( 'it  ies. 
Myers,  .1.  E  ,  r.  to  p  '-'1    (hi) 

N 

Nadai,  A.,  r  to  p  ";i  (fn) 

Nadai's  principle,  application  in  computation  ol 
fill   settlement    (lateral    displace- 
ment)  -  163 
National  1  )efense  program: 

highway  system,  strategic  159 

registration  of  aliens  H7 

Nau  case  (East  Cleveland  v.  Nau)  .  111.  112,  118 

Nevitt,  11   G  136 

Nicholson,  Victor  22 

Night,  motor  vehicle  driver  behavior  at  night 
on    lighted    and    unlighted    high- 
ways 187-1'.)'-'   199  200 
Nulen.  John,  joint  author,  r.  to  p  I  Is 
Xoiiplaslic  road-building  materials,  studies  of, 

r,  to  p  65  (fn) 

No-passing  zones  on  highways: 

marking  and  signing  of,  r.  to  p.._  20 

violations  of,  in  passing  maneuvers  by  motor 

vehicle  drivers  189 

Normann,  O.  K..  author  and  joint  author: 

a  203-222 

,.  to  p  -  188  (fn) 


Occupation  taxes  on  gasoline.  Missouri  data  'ill 

Oil  hath  for  samples  of  petroleum  asphalts  in 

capillary  tube  viscosimeter  tests    130,  138 
nils 

asphalt  ic  oils,  noiiasphaltic  oils,  seini- 
asphaltic  oils,  petroleum  fields 
supplying  United  states  4 

types  used  iii  trailer  unit  of  road  roughness 

indicator  230,232,233 
Olicnsis  tests,  heterogeneity  tests,  of  petroleum 
asphalts,     specification     require- 
ments and  test  data...        -  4,21-26,133 
One-way  local-service  roads. ..  105 
Organic  matter,  inorganic  matter,  in  petroleum 
asphalts,     specification     require- 
ments and  test  data 2,5-10,21-23,25 

Oscillographs,  oscillograms  ..  33-35 

Ostwald  method  (of  determination  of  viscosity 

of  asphalt  ).r  127 

Oven-loss  tests  of  petroleum  asphalts  2,  4.  5,  7,  9 

overheating  of  asphaltic  materials  during  refin- 
ing, determination  bv  Olieiisis 
test  -   23,26 

Overturning  effect    of  live  loads  on  backfills. 

overturning  moments.   .        ..       167-171 


Paddock,  R.  H.,  joinl  author,  r.  to  p.-  222  (fn) 

I'age  impact  machine,  use  in  toughness  tests  of 

asphalt  cements  21 

rainier,  I..  A.,  author  and  joint  author: 

a...  .     161-166,172,173,183-186,198,199 

r.  lo  p  155,  156, 

161  (fn),  183  (fn),  185  (fn),  19(1  (fn),  244 
Park   and  forest   roads,   etc.,   see   under    Forest 

roads 
Parkways: 

and  land  values,  r.  to  p..  118 

definitions        .   HI 

funds  for — 

Federal-aid   funds  authorized   for    (1942 

and  1943)  159 

in  Missouri —  55 

Passengers  in  motor  vehicles,  numbers  of,  driver- 
speed  study  data  (Connecticut).  90-94. 
96  98.  100, 101 

Passings  of  vehicles  on  highways: 

as  affected  by  highway  lighting 187-192,200 

equipment  for  recording. .  30,31,187-190 

no-passing  zones,   marking   and  signing  of. 

r.  top 26 

passing-practice  studies— 

r  «. I(l" 

r.  top  ..  188  (fin 

Peabody,  L.  E.,  author  and  joint  author: 

a  ..  203  222 

I    top  215  (fnl.  222  (fin 
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Penetration-ductility    relationships    of   various 

petroleum  asphalts    ..  16-20,26 

Penetration  grades  of  petroleum  asphalts  used 
in  road  construction.  50-60  and 
85-100  penetration  grades,  studies 
Of.....  ..   1-26.127-138 

Penetration  indexes  of  various  petroleum  as- 
phalts 11-15.25,2(1 

Penetration-stability   relati  ms  of  sheet  asphalt 

mixtures  75-  78,  82 

Penetration-temperature   relationships  of  vari- 
ous petroleum  asphalts  9-20, 
25.  26,  75  78,  82 

Penetration-temperature   susceptibilitj    factors 

for  various  petroleum  asphalts       9-15, 
25.  26 

Petroleum     asphalts,     see     Asphalts,     asphaltic 

materials. 
Petroleum   fields  in    United   States,  petroleum 

fields  supplying  United  states  3.4 

Pfeiffer  and  Van  Doormal  method  of  classifying 

asphalts  '111 

Photoelectric  cells,   photoelectric  devices,  use  ill 

traffic  studies  .  30,  35-37.  203,  204 

Pipe  Still  distillation  method,  use  in  the  refining 

of  certain  test  asphalt  cements  130 

Pit -scale  stations,  traffic  survey,  types  of  data 

obtained  al  216,218 

Placement    studies,    motor    vehicle,   transverse 
positions    of    vehicles    on    high- 
ways. 31.37-45,  187-192,  199-201) 
Planimeters.  use,  r  66 
Planning  of  highways 

master     plan     for     highway     development 

(report),  distribution  notice  244 

planning  surveys,  r  29,39,49,50,  101.210 

r.  to  P  101,  118 

use  of  traffic  recorder  data  in 203-222 

Plastic  deformations  in  soils  under  load,  plastic 

yield  161    163,183,186 

Plasticitj 

of  soils,  as  affecting  data  obtained  from  tests 

of  soil  pressure  cells  -'111  243 

theory  of,  as  applied  to  calculation  of  bearing 
capacity    of   plastic   material   be- 
tween two  parallel  rigid  plates.  150 
Plasticity  indexes  of  soils 

data  for  various  soils  65,68,80,81,  194-198,239 

reduction  in  chert-gravels  by  use  of  admix- 
tures   ..  65.  8(1,  81 
pecification  requirements  for 

coarse-graded   type   aggregate   for   base- 
course  mixtures  68 
stabilized  base  courses                             193,194 
stabilized  surface  courses                         193,  196 
Plumnier,  F.  L.,  joint  author,  r.  to  p                         155 
Poiseuilles' equation  for  viscosity,  use  in  deriving 
equation  for  viscosity  of  petroleum 
asphalts  by  capillary  flow    .                   127 
Poisson's  ratio  and  applications  of  -                        151, 
152,   157.   161,   162,   166,   167,   183   186, 
199.244. 
Police.    Slate    highway,    allocations    for,    from 

various  State  tax  receipts  1  1939)  174. 

176.  178,  179 
Population,  centers  of: 
relation  In- 
land values    .  1 16 
receipts   from   local   imposts   on    motor 
vehicles  and  expenditures  for  high- 
ways (Missouri)                    .  49-56,61,62 
Pore    pressures,   development    in    plastic   soils 
under   load    and    influence    upon 
settlements  of  soils...  186 
Porous  stones,  use  in  stabilometer  tests  of  soils         161, 

162 

Potassium: 

in  cements,  determination  of  -  79-80 

in  soils  .  -    -  193 

Powders,  filling,   use  in  rubber  compounds  as 

joint  fillers  in  concrete  pavements.  58-60 

Prandtl's  formula,  application  in  calculation  of 

supporting  power  of  soils  ..  149,153 

Pressure  cells,  soil,  see  Soil  pressure  cells. 

Pressure,  earth,  see  Earth  pressure. 

Prime  coats  used  in  construction  of  chert-gravel 
base  courses  tested  on  circular 
track  66 

Priorities  in  Federal-aid  road  construction  im 
pnrtant  to  national  defense, 
authorization  for 159 

Profilometer  measurements  of  bituminous- 
treated  chert-gravel  bases  tested 
on  circular  track 66 

Profilometers,  r.  to  p.    -  ._  66  (fn),  227  (fn) 

Property .  real,  acquisition  for  road  projects  .     105-117, 

118.159 

Property  values  as  affected  by  highway  im- 
provements     .    .    .    .   105-117,118 

Proportioning: 

of  bituminous  mixtures,  proportions  used  m 

test  mixtures. .   ............     .  71-73.75 

of  pavement  concrete- 
proportions  used  in   North   Carolina  in- 
vestigations of  concrete  mixtures    121   120 

specification  requirements 121 

Public    improvements,    effect    upon    property 

values..     ---     105-117.  [18 
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Public  land  roads.  Federal-aid  funds  authorized 

for  (1942  and  1943)  159 

Public  ownership  of  marginal  lands  along  rights- 
of-way  of  highways  105  117.  118 

Q 

Quartz: 

in  soils  193 

use  as  aggregate  in  Study  Ol  design  ol  pave- 
ment concrete  121    126,  138,  139 
Questionnaires,  use  in  traffic  surveys  89,  90,  216 
Quit-claiming  of  portions  ol   rights-of-waj    foi 

highways  .......  109 

R 

Rader,  Lloyd  K.  bending  tests  ol  sheet  asphall 

mixtures  69 

Kapp,  Paul,  joint  author,  a  193   198 

Haschig  and  1  >oj  le,  bending  tests  of  bituminous 

mixture  69 

Reagents,  types  used  in  determination  of  alkalies 

in  cement  79.  80 

Recording  dex  ices 

automatic  recording  device,  use  with  sta- 

bilometers  162,  183 

automatic  traffic  recorders  - 

tvpesused  203,204 

cost  data  203,204 

data  obtained  by.  applications  in  high- 
way planning  .  203  222 
tvpes     used     in     traffic    studies     and     data 

obtained  .       .     29   15, 

89-101,  187-192.  199-2011.  203-222 

Recoupment  acquisition  of  land  for  highways  105 

117.  lis 
Rectangular    areas    (loaded),    stresses    in    soils 

under,  soil  displacement  151,  184 

Refining  methods,  set  under  Asphalts,  asphaltic 

materials 
Reflectoi  -  used  in  experimental  lighting  of  high- 
ways, mounting  of  187 
Refunds 

of  State  motor-fuel  tax  receipts.  1939  81 

ol  state  motor-vehicle  receipts,  1939  86 

Registration  fees,  motor-vehicle,  receipts  from, 

statistics,  by  Stale-,  1939  86 

Registration  of  aliens  ..  117 

Registrations,  motor- vehicle: 

Missouridata  51, 52,56,85 

statistics,  by  States  (1939)  85 

Reich  and  Toomin.speedmeter,  r  top  30  (fn) 

Residues: 

of  petroleum  asphalts,  specification  require- 
ments and  test  data  2,  4  9 
ofroad oils, ductility  test  data  20 
Retaining  walls 

experiments,  Iowa  Engineering  Experiment 

Station,  Ames,  Iowa  167 

horizontal  forces  and  momentson  107-171 

pressure  against  147  157.  107-171 

Revenues,  highway: 

from    imposts  on    motor    vehicles,   taxes  mi 
highway  users    - 
local    imposts    in     Missouri    and    other 

States  49-50,01,02 

State  imposts,  receipts  from  and  disposi- 
tion of.  statistics,  by  Stales  (1939)        84, 

80,   174     181' 

see  also  Federal-aid  roads. 
Reymer.S.E.,  joint  author,  a  ...     .-         29-45 

Rhodes,  Volkmann.  and  Barker: 

float  test  determinat  im id  tars  138 

r.  top  127(fii),133(fn),  135(fn).  138(!n) 

\  iscosimeter.  -----  127, 133 

viscosity— temperature  relationship   in   pe- 
troleum asphalts  135 
Richart,  F.  E.,  joint  author,  r.  to  p                      122(fu) 
Rights-of-way,  acquisition  for  road  projects: 
financing   through  act  authorizing  Federal- 
aid  funds  for  1942  and  1943.  159 
marginal  land  acquisition                        105-1 17.  1 18 
Roadsides 

development- 
in  connection  with  acquisition  ol  rights- 
of-way  for  highways  109. 111 

r.  to  p . .      62 

roadside   objects   as   affecting    behavior   of 

traffic  :i~ 

Robinson,  VV.  O.,  r.  to  p  I94(fn) 

Rock-soil  (Maryland),  base  exchange  data  and 

mad  conditions  for  198 

Rodgers.  R.  P.,  joint  author,  r.  to  p  222(fn) 

Roughness  indexes  for  several  road  types  under 

several  test  conditions.  229, 

231-231,213,241 
Roughness  indicators,  road: 

devices,  various      .......  227  230 

r.  top  227(fn), 228(fn), 230(fn) 

standardizable  equipment,  new        22,  234,243,244 
Roughness,  mad  surface 

•lata  for  surface  treated  chert-gravel  experi- 
mental bases  00  0,s.  SO.  81 
teFts  of  several   surfaces    (bituminous,   con- 
crete, gravel)  232,  233 
Rubber  and  rubber  compounds,  rubber  latex,  as 

joint  filters  in  concrete  pavements     57  01 
Rubb.r    diaphragm    (.ells    for    measurement    of 

soil  pressure  235 
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Rupture,  moduli  of: 

of  bitumiuous  paving  mixtures — 

as  measures  of  strength  of  mixtures 70,  74 

data  for— 

cracked  and  uncracked  sheet  asphalt 

mixtures. 69 

samples  from  road  surfaces 73 

data  from  bending  tests  of  mixtures..  69-74, 81 

formula 70 

of  concrete — 
relation  to — 

cement  factor 125,  126 

water-cement  ratio 138, 139 

requirements  for  pavement  concrete 121 

Rural  areas: 

land  remnant  problem  in IOC 

residents  of,  motor-vehicle  travel  on  high- 
ways, driver-speed  data  (Con- 
necticut)  90,92.97,98 

Rural  road 

administration  of 158,159 

improvement,  state  of,  in  relation  to  traffic 

and  dwellings  served . . .   141-140,  158, 159 

lighting  of,  effects  on  driver  behavior 187-192, 

199-200 
traffic  on,  seasonal  variations  in,  Virginia 

data 219 

Russell,  E.  W.,  joint  author,  r.  top 91 

Hutting: 

of  bituminous  surface  treated  chert-gravel 

bases  tested  on  circular  track 66-68, 

80,81 
of  soil-aggregate  roads,  relation  to  base  ex- 
change characteristics  of  soils. ..   196-198 

S 
Safety,  highway: 

promotion  of,  by  lighting  of  highways.  187  189,  200 
si  i  also  Accidents,  highway. 
Sale  "i  excess  proper!  5  acquired  for  rights-df-w  as 

for  highways 108-117 

Sides  tax,  gasoline,  in  Missouri 50 

Sand-chert  mixtures  as   base-course   materials, 

circular  track  test  data 05,  68,  80 

Sand-clay  as  base-course  material,  investiga- 
tions, r  65 

Sand-clay-gravel: 

;is    base-course    material,    investigations,   r., 

r.  top                                          65,60  (fn) 
base  exchange  data  and  road  conditions  for. .      198 
Sand-gravel,  base  exchange  data  ami  road  con- 
ditions for. 198 

Sands  and  sandy  soils: 

1    admixtures  in  chert-gravels 05-Os  80,  81 

as  aggregates— 

in  bituminous  mixtures 71-73,  75 

in  concrete,  data  from  study  of  design  ol 

pavement  concrete 121-126,138, 139 

sand  atxl  gravel  foundation  soil  underlying 
stratum  supporting  earth  fills,  set- 
tlement of,  computation  of.  166, 172, 173 
and  layers — 

between  layers  of  compressible  soils  un- 
der surface  loads,  settlement  of, 

r.,  r.  top 185 

supported   by  clay  soils,  displacement 

under  loaded  circular  areas 186 

soil  pressure  cell  tests  on...  237-243 

test  data  lor  various  soils  196-198,239 

Scheidig,  A.,  joint,  author,  r.  to  p..         235  (In) 

Screenings: 

limestone  screenings,  base  exchange  data  and 

road  conditions  for 198 

slag  screenings  as  admixtures  in  chert-gravel 

bases... 81 

Sealing  of  expansion  joints  in  concrete  pave- 
ments, by  rubber  and  rubber  com- 
pounds   57-61 

Secondary  roads,  see  under  Federal-aid  roads. 
Semisolid    asphalts,    viscosity    determinations 

with  capillary  tube  viscosimeter.  127-138 
Service  behavior: 

of  base-course  materials — 

data  for  bituminous  surface  treated 
chert-gravel  bases  tested  on  circu- 
lar track 66  i.s.80,81 

relation   to  silica-sesquioxide    ratios   of 

materials 193-198 

of  bituminous  paving  mixtures,  correlation 

with  laboratory  test  results 73 

of  joint  fdlers  in  concrete  pavements,  data  for 
bituminous  fillers,  rubber  and  rub- 
ber compounds 57-01 

of  soil-aggregate  road  surfaces,  relation  to 
base   exchange   characteristics   of 

soils 193-198 

Service  roads,  one-way  local-service  roads .  105,  111 

Service  tests  of  petroleum  asphalts,  specification 

requirements. 2.26 

Settlement  of  soils: 

embankment  soils 161-166, 172, 173 

settlement  caused  by — 

consolidation  of  soils 161, 163, 172, 173, 183 

lateral  yield  of  soils 161-166, 

172, 173, 183-186, 198, 199 

under  loaded  circular  areas 151-153, 

156, 157, 183-186, 198, 199,  244 
mce  damages  in  land  acquisition  for  high- 
ways  106,109 

In  it  strain  in  soils  behind  retaining  walls,  for- 
mula  149,150 


Page 
Shear  tesls  of  soils: 

surface  shear  test  apparatus  (Burggraf) 148, 155 

triaxial  shear  tests 161-163, 

166, 172,  173, 183-186, 198.  199,  244 
Shearing  stresses  in  soils  under  load,  shearing 

resistance  of  soils 147-157. 

161-166,  172, 173, 183-186,  198,  199 

Sheppard,  S.  E.,  r.  to  p 134    (fn) 

Shoulders  of  highways,  design  and  condition, 
effect  upon  positions  of  vehicles  on 

highways 37,39,45 

Shrinkage  limits,  shrinkage  ratios,  of  soils,  test 

data  for  various  soils 194, 197, 239 

Sieve  analyses  of  various  base-course  and  surface- 
course  materials 194.197 

Sight    distances    on    highways,    visibility,    as 

affecting  driver  behavior 39, 

40,  44, 45, 100, 188, 189,  200 
Signs  and  signals,  highway: 

as  affecting  motor  vehicle  drivers' practices.  189, 190 

control  by  speedmeters 37 

marking     and     signing     no-passing     zones, 

r.  top.... 26 

Silica  as  constituent  of  chert-gravels 65 

Silica-alumina  ratios  of  colloids  from  various 
soils  and  their  relation  to  physical 

properties  of  soils 193-195 

Silica-sesquioxide  ratios  of  colloids  from  various 
soils  and  their  relation  to  service 

behavior  of  soils 193-198 

Simpson,  Herbert  D.,r.  top 116. 118 

Slag,  granulated,  as  admixture  in  chert-gravel 

base-course  materials 65-68, 80,  81 

Slag  screenings  as  admixtures  in  chert-gravel 

base-course  materials 81 

Slopes,  critical  heights  of,  determination  of 148- 157 

Slump  of  concrete,  data  from  investigations  of 
pavement,  concrete  (North  Caro- 
lina)   ...    121    124 

Smith,  E.  B.,  joint  author,  r.  to  p..  235  (fn),  237  (fn) 
Smith,  J.  Lawrence.  .79 

Smith,  P.  C,  joint  author,  a..  65-68,80,81 

Smith,  W.  F.,r.  top 19  (fn) 

Sodium  in  cements,  determination  of 79-80 

Softening  points  of  asphalts: 

relation  to  stabilities  of  sheet  asphalt  mix- 
tures     75-77,82 

specification  requirements  and  test  data  for 

various  materials    1,2,4-10,131 

Soil-aggregate  mixtures  as  affected  by  chemical 

properties  of  soil    fines  . 193-198 

Soil  constants  for  chert-gravels  tested  on  circular 

track 65 

Soil  displacement: 

under  loaded  circular  areas,  stresses  ...  151-153. 
156,  157,  183-186,  198,  199,  244 
■<<  also  Settlement  ofsoils. 
Soil     distortion,     formulas     for    embankment 

soils...  148-150 

Soil  fines,  chemical  properties  of,  effect  on  per- 
formance of  soil -aggregate  mix- 
tures...    ...  193-198 

Soil  pressure,  see  Earth  pressure— Soil  pressure 

cells. 
Soil  pressure  cells: 

design  and  use  of .-  235  243 

pneumatic  pressure  cells,  tests  of 235-243 

soil  resistance,  to  penetration  by      236  242 

types,  several,  and  dimensions  of .      235 

Soils: 

for  base  courses,  see  Base  courses,  materials 

for. 
fur   surface   courses,    test    data    (chemical, 
physical),   relation   to   road   con- 
ditions    196-199 

investigations  of,  r.  to.  p —  62,101, 

155,  156,  193  (fn),  194  (fn),  235  (fn), 
237  (fn.),  242  (fn),  244. 
test  data  for  various  soils...  .  65,66,161-163. 

166,    172,    173,    183-186,    194-199,    239 
weight,  unit,  relation  to— 

bearing  capacity  under  load  and  to  fill 

settlement..  148-157, 163, 164. 166, 172, 173 
height,    maximum,    and    shearing    re- 
sistance of  unrestrained  embank- 
ment        148 

Solubility  of  petroleum  asphalts,  specification 
requirements   and    test   data   for 
various    materials. ... 2, 4-10.  21-23,  25,  26 
Spangler,  M.  G.,  r.  to  p  ...  167  (fn),  171  (fn),  235  (fn) 
Specific  gravities: 

of  aggregates  used  in  investigations  of  con- 
crete mixes  for  pavement  slab.  122, 124 
of  bituminous  mixtures,  data  from  bending 

tests  of  mixtures 70,71,74 

of  petroleum  asphalts,  specification  require- 
ments and  test  data 1,2.4-10 

Speed  counters,  speed   detectors,  speedmeters, 

use  in  traffic  studies.  29-41, 

89, 188, 190-192,  199 
Speed  regulations,  speed  limits,  and  observance 

by  motorists  on  highways 39.89, 

99-101.192,200 

Speeds  of  motor  vehicles  on  highways: 

by  day  and  by  night  on  lighted  and  un- 

lighted  highways 187-192.199-200 

data   for   vehicles  approaching  cities  and 

leaving  cities 98,99,101 

driver-speed  investigations  in  Connecticut.  89-101 


Tage 
Speeds  of  motor  vehicles  on  highways— Continued, 
relation  to — 

accidents,  highway. 89.99-101 

lighting  of  highways 38, 187-192, 199-200 

Spengler,  Edwin  H.,  r.  top 116,118 

Spot  tests,  heterogeneity  tests,  of  asphalts,  speci- 
fication   requirements    and    test 

data 4,21-26.133 

Springs   of   motor   vehicles,   deflections   of,   as 

measure  of  road  rough  ness 227, 228 

Stability: 

of  chert-gravel  base-course  mixtures,  circular 

track  test  data 66-68,80,81 

of  sheet  asphalt  mixtures  as  affected  by  con- 
sistency and  type  of  asphalt 75-78,82 

of  soils — 

graphical  analyses  of .  147-157 

r.  to  p 155, 156 

relation  to  cohesiveness  of  binders  197 

see  also  Settlement  of  soils— Stabilization 
of  soils. 
Stabilization  of  soils: 

r.  top -62,  193  (fn),  197  (fn) 

specifications  for — 

stabilized  base  courses 194 

stabilized  surface  courses 196 

Stabilometer  tests  of  soils 161-163. 

166,  172, 173, 183-186,  198,  199,  244 

Stabilometers,  laboratory ..  161, 162 

State  funds,  use  to  finance  local  roads  and  streets: 
allocations  from  various  State  tax  receipts, 

1939 174-180 

Missouri  data 56, 61 

State  highways: 
funds  for— 

from  State  tax  receipts,  1939— 

imposts  on  highway  users .  179,180 

motor-carrier  tax  receipts. 178 

motor -fuel  tax  receipts .  174,175 

motor-vehicle    receipts. . .  ....      176,177 

jurisdiction  over  ....  --   158,159 

State  imposts  on  highway  users: 

comparison    with    similar    local    imposts, 

Missouri  data.   .   49,52-56,61,62 

receipts  from  and  disposition  of,  statistics 

by  States  (1939) 179-180 

Steam   distillation  method  of  refining  asphalt 

cements.... 3.24.131) 

Stillness   of   bituminous   mixtures,   data   from 

bending  tests  of  mixtures 69-74, 81 

streets,  town  and  city: 

allocations   for   city   streets,   from   various 

State  tax  receipts  (1939) 174-180 

expenditures   for,    from   local    imposts   on 
motor  vehicles  and  their  relation 
to  total  street  expenditures  (Mis- 
souri)..... ---.     .-  54-56,61,62 
Stress-deformation     relations     of    soils    under 

load 147-157. 

161    166,  172.173,183-186,198,199,244 
Stress-strain  curves  from   triaxial   compression 

tests  ofsoils 162 

Stresses: 

beneath  flexible  type  pavements,  wheel  load 

stress  distribution,  r.  to  p 23.i  (fnl 

in  backfills  (of  bridge  abutments  and  retain- 
ing walls),  horizontal  components 

of..  .        ..   1U"-1"1 

in  bituminous  mixtures,  development  under 
load,  rate  of  loading  as  affecting 

bending  test  results 69-7 4.. M 

in  soils  under  loaded  circular  areas 151-153. 

156,157,183-186,198,199.244 
Strip  loads  on  fill  soils,  settlement  caused  by.  148-150, 

153, 154, 104 
Stroboscopes,  stroboscopic  photoelectric  timing 

devices,  use  in  traffic  studies 35-37 

SI  n >\vger  rotary  switches --  30-37 

Subgrade  pressures: 

measurement  by  soil  pressure  cells...      ..  ^io-jii 

under  flexible  road  surfaces,  r.  to  p 23j  (fn) 

Subgrades: 

compaction  to  maximum  density 198, 199 

of  flexible  pavements- 
shearing    strength    required,    analyses 

indicative  of 147-157 

supporting    power,    soil    displacement 

under  loaded  circular  areas 151-153, 

156, 157, 183-186, 198, 199,  244 
Sulfur  contents  of  petroleum  asphalts,  specifi- 
cation    requirements     and     test 

data 4,21-26 

Supercentrifuges,  use  in  extraction  of  colloids 

from  soils 193, 194 

Surface-course  materials,  relation  of  test  data 
(chemical,  physical)  to  road  con- 
ditions  196-199 

Surface  displacement  of  chert-gravel  base-course 
mixtures,     circular     track     test 

data..... —  66-68,80,81 

Surfaces,  road,  types  of: 

classification  in  study  of  rural  road  improve- 
ment  ' '' 

data  for  rural  roads  in  relation  to  traffic  and 

dwellings  served 141-146, 158, 159 

highway  planning  surveys,  r.  29,39,49,50,101,216 

traffic  surveys,  traffic  studies 29-45, 

49-56,  61,  62,  89-101,  141-146,  158,  159, 
187-192,  199-200,  203-222. 
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Swain,  R.  0„  r.  lo  p  217  (fn),  218  (fn),  220,221 

Swan,  Herbert  S.,  r.  to  p 118 

Switches: 

switch  control  of  counters  in  road  roughness 

indicators  (trailer  units) ' 231, 234 

types   used   with    traffic   detectors,    traffic 

recording  devices  .  29  39 


T 

Talbot,  A.  N.,  joint  author,  r.  to  p...        122  (fn) 

Tars: 

consistency  measurements,  r.  to  i>  127  (fn), 

135  (fn),  138  (fn) 

use  in  rubber  compounds  as  join!  fillers         58,60 

Taylor,  D.W.,r.top 155,156 

'teller,  L.  VV.,  r.  I o  p  .  ....  228  (fn) 

Temperature  changes,  effects  upon: 

air  switch  operation   in  traffic  studies,   pre- 
vention :tn 
damping   system   used  in   trailer   unit   for 

measuring  road  roughness..     .    230-233 
Temperature  conditions  as  affecting  service  be- 
havior of  joint  fillers  (rubber)-  . .         61 
Temperature  control  in  bending  tests  of  sheet 

asphalt  mixtures  (dry  ice)..   . .  69-71,81 
Temperature-ductility  relations  of  asphalts  I  I. 

10-21,26 
Temperature-penetration  relations  of  asphalts    9-20, 

25,26,  75  78,82 
Temperature-stability  relations  of  sheet  asphalt 

mixtures 7.r>-78, 82 

Temperature    stresses    in    concrete    pavement 

slabs... 121 

Temperature  susceptibility  of  asphalts  9-21. 

25,26,75-78,82,  133-136 
Temperatures: 

low  temperatures  as  affecting  physical  prop- 
erties of  asphalt  ic  mixtures— 

r.  top.  .  .   ... (i!i  (fu) 

test  data ..   .  69-72,81 

testing  temperatures  used— 

in  bending  tests  of  bituminous  paving 

mixtures 09-74,81 

in  capillary  tube  viscosimetcr  tests  of 

asphalts 1 28-138 

in   consistency   tests  of  road  tars  and 

liquid  asphaltic  materials 133, 1 38 

in  investigation  of  properties  of  50-60 

and  85-100  penetration  asphalts...        1, 
2,  4-26 
in  stability  tests  of  sheet  asphalt  mix- 
tures     . .    ...... 75-78,82 

Tcrzaghi,  Charles,  r.  to  p 155, 183(fn) 

Testing  machines,  testing  apparatus: 

beam  testing  machine  used  in  bending  tests 

of  bituminous  mixtures 09 

data  concerning— 

extraction  of  colloids  from  soils .  - 1 93,  t  !i  t 

flexure  tests  of  pavement  concrete 124, 125 

soil  pressure  cells ..  235-243 

stabilometers,  laboratory ..  101,162 

viscosimeters,  capillary  tube 127-130 

Thickness  of  road  surfaces  as  affecting  settle- 
ment of  subgradc  soils  of  flexible 

pavements 185, 180, 199 

Tilden,  C.  J.,  joint  author,  r.  to  p .       91 

Time   recorders,   time-measuring   instruments, 

used  in  traffic  studies 29-39 

Time  spacings  of  motor  vehicles  on  highways  ...      29, 
35,41-45,188-191,200 
Timoshenko,  S„  r.  to  p....  156, 167(fn),  183(fn).  184(fn) 
Title,  certificates   of   (motor   vehicle),   receipts 

from  (1939) 80 

Titling  taxes,  special   (motor-vehicle)   receipts 

from  (1939) 80 

"Toll  Roads  and  Free  Roads,"  a.,  distribution 

notice 244 

Toomin  (Reich  and  Toomin),  speedmeter,  r.  to 

P 30(fn) 

Topsoil: 

and  limestone,  base  exchange  data  and  road 

conditions  for 198 

as   base-course   material,   chemical   charac- 
teristics of  colloids  from  and  road 

conditions  for 196 

Toughness  tests  of  bituminous  materials: 

r.top 21  (fn) 

specification  requirements  and  test  data  for 

petroleum  asphalts 4, 18,  21,  25 

Towns  and  cities: 

local  imposts  on  motor  vehicles  levied  by 

49-50,61,62 
see  also  Cities. 

Township  roads,  administration  of 158, 159 

Traffic  (concentrated,  distributed),  use  in  com- 
paction of  circular  test  track.  65-68, 80,  81 
Traffic  counters,  traffic  recorders: 

cost  data  (automatic  recorders) 203,  204 

traffic  recorder  stations,  locations  in  United 

States 203-208 

types  used  and  data  obtained 29-45, 

89-101, 187-192, 199-200,  203-222 
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Traffic  hazards,  removal  by  marginal  land  acqui- 
sition along  rights-of-way  for  high- 
ways  ...  106,  111,  117 

Traffic  lights,  control  by  speedmeters 37 

Traffic  signs  and  signals,  see  .Signs  and  signals, 

highway. 
Traffic  studies: 

driver-speed  studies  in  Connecticut      89-101 

lighting,  highway,  effects  on  driver  behavior    )S7- 

192,  199-200 

r.top  ....       ..............     ...  41  (fn), 

62,  98   (fn),   101,   188   (fn),  215   (fn), 
217  (fn),  218  (fn),  220,  221,  2 
techniques,  new,  in  traffic  behavior  studies      29  15 
traffic  on  rural  roads  in  relation  to  slate  of 

improvement  of  roads.       Ml   146,158,159 
traffic  recorder  data,  applications  inhighwaj 

planning  .     ..  203222 

Traffic  violations,  relation  to  traffic  accidents  and 
speeds  of  motor  vehicles  (Con- 
necticut)     .    .  99   till 

Trailers  and  semitrailers,  motor-vehicle: 

registration  fees,  receipts  from,  1939 86 

registrations,  1939.   ...  85 

single-wheel  trailer  unit  for  measuring  road 

roughness 227-234,243,244 

Transfer  or  reregistration  fees,  motor-vehicle,  re- 
ceipts from  (1939)...    86 

Transverse  positions  ol  vehicles  on  highways: 
by  da v  and  bv  night  on  lighted  and  unlighted 

highways 187-192,  200 

recording  devices,  record  charts  ...    ..    ..  31,37-45 

usefulness  of  transverse  placement  data..    ..       37. 

38,  12,45,200 
Travel,  motor-vehicle,  on  highways: 
annual  travel— 

average  annual  tra\  el,  data  for  sex  enteeii 

Slates  91 

Connecticut  data  . .      ......  90-101 

travel  on  rural  roads  in  relation  to  state  of 

improvement  of  roads.     141-1 16,  158   159 
Triaxial  compression  tests,  triaxial  shear  tests,  of 

soils .    P',1-163, 

166,  172,  173, 183-180, 198,  199,  244 
Trip  mileages,  motor-vehicle,  traffiesurvey  data.      90- 

98, 100, 101,  222 
Trucks  and  tractor  trucks,  motor: 

combinations  of  vehicles,  use  of  highways, 

traffic  studv  data 38-44, 

188,210,217-219,222 

license  fees  for  trucks,  rates  in  Missouri 50,51 

registration  fees,  receipts  from,  1939 86 

registrations,  1939 85 

Trumble  (pipe)  stills,  use  in  steam  distillation  of 

asphalt  cements 3,  130 

Trumbower,  H.  R 105  (fu) 

Tunnels,  vehicular,  traffic  lights  in,  control  by 

speedmeters 37 
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Undersoils,  supporting  value  of,  computation  of 

settlement  of 147-157,101-173 

Unemployment    relief,    allocations    for,    from 

various  State  tax  receipts  (1939)  _ .     174- 
177, 179,  ISO 
United  States  Works  Program  grade  crossing 

projects,  current  status 221 

United  States  Works  Program  highway  projects, 

current  status .  ......      223 

University  of  Wisconsin,  cooperative  research  on 
landtaking  procedures  incidental 
to  highway  development- . .  105-117, 118 
Users  of  highways,  imposts  on: 

local  imposts  in  Missouri  and  fi  other  States.   49-56, 

61,62 
State  imposts- 
data  for  40  States,  collection  of 49 

receipts  from  and  disposition  of,  statis- 
tics, by  States  (1939) 179,180 


Vacuum  distillation  method  of  refining  asphalt 

cements 3,  24, 130 

Van  Doormal,  P.  M.  (Pfeiffer and  Van  Doormall  11-14 

Veddor,  A.   L..  r.   to  p 115  (fn) 

Vehicle-mileage  data: 

for  rural  roads  (surfaced  and  unsurfaced).  143-116 
for  urban-owned  and  other  motor  vehicles..        53 
trip  mileages  of  motor   vehicles  on   high- 
ways   90-98,  100.  101,  222 

Vehicles,  motor,  see  names  of  types  of  motor 
vehicles—  also    Motor    vehicles- 
Traffic     studies — Vehicle-mileage 
data. 
Vertical  displacements: 

of   chert-gravei   bituminous   treated   bases, 

circular  track  test  data 06-68,80,81 
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Vertical  displacements-  Continued 

Of  fill  SOilS .    161-166,172,173 

of  soils  under  loaded  circular  areas,  compu- 
tations         183-  185,  241 

Vester  case  (Cincinnati  v.  Vestcr)-..         .   111,112,118 
Viscosimeters,  capillary  tube: 

calibration  .  ...  129 

cleaning  ......  130 

use ..   127-138 

Viscosity  lies): 

of  fluids  used  in  equipment  for  measuring 
road  roughness,  effect  on   rough 

ness  indexes 

of  petroleum  asphalt 

1.  inematic  viscosity — 

determination  with  capillary  lube 

viscosimeters  ...     127  138 

values,  relation  lo  float  lest  values 
;ii     various    temperatures  ..         137,138 
relation  lo  sulfur  content        .  22 

lest  data  for  various  materials     t,  III   13,127   138 
\  iscosity-temperature  relations: 

of  .1  phaltic  materials  .   13,  127  138 

of  coal  tars  .. ...     ..  135,  138 

Viscosity-temperature-susceptibility   factors  foi 

asphalts,  calculation  of 1:;:,  13s 

Voids: 

in  aggregates  used  in  study  of  mixes  for  pave- 
ment    concrete,      mortar     voids 

ratios 122,  123 

in  chert-gravel  base-course  materials  tested 

on  circular  track 68 

Voids  ratio-pressure  relations  of  fill  and  founda- 
tion soils         172,173 

Volkmann,  see  Rhodes,  Volkmann,  and  Barker 
-   Volkmann.  Rhodes,  and  Work. 

Volkmann,  Rhodes,  and  Work,  r.  to  p 127  (fn) 

Volume  changes  in  soils: 

as  affected  by  presence  of  montmorillonitc 

group  clay  minerals  in  soils  .  195 

as  cause  of  fill  settlement,  consolidation  of 

611  soils .    .       161,  163,  172,  173,  183 

during  stabilometertests...  161-  163 
test  data  for  base-course  and  subgradc  ma- 
terials    ...       195 

W 

Walker,  W.  P.,  a is 7- 192, 199-200 

Water-cement  ratio  of  concrete: 

data  from  investigations  of  pavement  con- 
crete (North  Carolina)  .  121-126,138,139 
relation  to — 

compressive  strength ..  ...  138 

llexural  strength ....  121-126,138,139 

requirements  for  pavement  slabs ...      121 

Waterproofing,  asphalts  for  use  in,  specification 

requirements.   ..  9 
Wad  r  retentive    chemicals    as    admixtures    in 
nonplastic      road-building      ma- 
terials    65  (fn) 

Weather  conditions: 

and  wet  pavements  as  affecting  motor -vehicle 

drivers' practices.  100,187,190-192,199,  200 
as  affecting  service  behavior  of  joint  fillers 

(rubber  and  compounds  of) 57-61 

\\  eathering  tests,  film  tests,  of  bituminous  ma- 
terials, r.  to  p....       ....  13  (fn),  24  (fn) 

Welborn,  J.  Y.,  joint  author,  a..    .  .     ..   .        1-26 

Wheel  loads: 

data  for  loads  used  on  circular  test  track   .  65-68, 80 
positions,  relation  to  horizontal  forces  and 
moments  on  bridge  abutments  and 

retaining  walls  ..     .  167-171 

Wheel  taxes,  local,  on  motor  vehicles  (Missouri).    19,  51 
Wheelbases  of  motor  vehicles,  consideration  in 

highway  design...   .   ...   ...  38,39 

Widening  of  highways: 

acquisition  of  land  for.  ....  105-117,118 

as  affecting  land  values  ...       ...........     .         114 

Willis,  E.  A.,jointautbor: 

a 65-68,80.81 

r.top       ........     -.---..  65  (fn),  66  (fn),  197  (fn) 

Winkler- Koch  Shell  stills,  use  in  refining  asphalt 

cements..     .  3,130 

X 

Xylene  equivalents  in  Oliensis  tests  of  petroleum 

asphalts..   ...  22-26 

Y 

Yale  University,  cooperative  research,  m 1 

vehicle     drivers     and     sliced     in 
Connecticut. .  89 

Z 

Zapata, Joseph ....   .....  .        13 

Zones,  no-passing,  on  highways: 

marking  and  signing  of,  r.  top -   -        26 

violations  of,  in  passing  maneuvers  by  motor- 
vehicle  drivers ..----...  1S9 

Zoning,  usefulness  in  elimination  of  roadside 

business  enterprises  ....        ....      Ill 
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